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Abstract

The thesis at hand presents the results of multi-frequeercy Mong Baseline Interfer-
ometry (VLBI) observations of jets associated with actiegagtic nuclei. The results
are discussed in the context of broad-band jet emission imaae used to constrain
physical properties of the parsec-scale core — inner paineget which is likely related
to the observed high-energy emission. The analysis of #gufncy-dependent core
position shift supports interpretation of the parsec-asehe integral part of the jet;
the observed core position is determined by opacity. Syiam self-absorption is
found to be the dominating opacity mechanism in the obseswadces. A comparison
between radio sources possessing jets aligned closeletbntn of sight with those
aligned at large angles to it supports the idea that the bexfinagalactio-ray sources
are associated with jetsfacted by relativistic beaming.



Zusammenfassung

Die hier vorliegende Dissertation prasentiert die Ergedmvon Multifrequenz Very
Long Baseline Interferometry (VLBI) Beobachtungen vonsJektiver galaktischer
Kerne (AGN). Die Ergebnisse werden im Zusammenhang mittaedigen Jet Emis-
sionsmodellen diskutiert und werden dafiir benutzt diesjdafischen Eigenschaften
des Kerns auf Parsec Skalen, d.h. der innere Teil des Jetbaevedehr wahrschein-
lich mit beobachteter hochenergetischen Strahlung zusarnémgt, einzugrenzen. Die
Auswertung der frequenzabhangigen Positionsverschiggtlas Kerns auf Grund von
Opazitat unterstitzt die Interpretation des Kerns ats@&aSkalen als einen wesentlichen
Bestandteil des Jets. Die Synchrotron-Selbstabsorptimdevals der dominierende
Mechanismus der frequenzabhangigen Opazitat in dendohtdten Quellen identi-
fiziert. Ein Vergleich zwischen Radioquellen mit Jets emglaer Sichtlinie mit jenen
unter grossen Winkeln zur Sichtlinie untermauert die Ammaldas helle extragalak-
tische und Gammastrahlung emittierende Quellen mit Jeksweft werden die rela-
tivistisches Beaming zeigen.



Chapter 1

Introduction

Active Galactic Nuclei (AGN) are small regions in centerssofne galaxies which
emit powerful electromagnetic radiation, often outshingtars, gas, and dust which
make up the host galaxy. If AGN emission dominates the gagamigsion all over the
electromagnetic spectrum, such object is known as the aglia3he energy source
powering AGN is believed to be accretion of gas onto a supssive black hole. This
is a very dficient energy release process potentially able to extraatge Ifraction
(maybe 10% or more) of the rest energy of the infalling mafte®). The released
energy makes AGN visible from cosmological distances. Atien of matter onto a
compact object (such as a black hole, neutron star, youtigrsibject and, possibly, a
white dwarf) is often associated with production of collbexbipolar outflows known
as jets. Jets carry a fraction of infalling matter (and itgidar momentum) away from
a central object. It is likely that despite the striking \assimilarity of jets produced
by stars, stellar-mass and supermassive black holéstetit physical mechanisms are
responsible for jet production and evolution in these systeln the case of accretion
onto a supermassive black hole, the produced jets are extrgith matter in such jets
moving with relativistic speed.

While it is widely accepted that accretion onto a supermasiiack hole pow-
ers AGN, the mechanisms which convert the energy of infalfias into the extreme
electromagnetic radiation we observe are not well undedstdn AGN is a complex
system consisting of the central (possibly rotating) soaessive black hole, infalling
matter in a form of an inner accretion disk, dusty torus (Whgcfurther away from the
central object and is thus cooler), and clouds of gas orpitie black hole, as well as
outflowing matter (which moves away from the central blacleh a form of colli-
mated relativistic jets, and possibly slower, not well knited outflow. A simplified
scheme of a radio-loud AGN is presented on Fig. 1.1. Magffietits are likely to play
a significant role in the dynamics of inner accretion disk #relprocess of launching
the relativistic jet. Components of this system radiateulgh a number of mecha-
nisms according to their physical condition, and radiatbane component influences
physical conditions in other components (radiation of tteretion disk ionizes the sur-
rounding gas clouds, photons produced by ionized gas claredsp-scattered to high
energies by relativistic electrons in the jet). Detailshi#ge processes are yet unclear.
Different accretion rate and its total duration, viewing angtesence or absence and
relative importance of dierent structural components may be the reasons why AGN
phenomenon appear in so manifeiient forms. While it is believed that most galaxies
contain a supermassive black hole in their center, only dl$raetion of them appear



as AGN, and even smaller fraction of them produce brightoahitting jets.

This work is concentrated on radio loud AGN in which relattid jets are most
prominent. In some of them (the so-called “blazars”), tHatiéstic jet dominates not
only radio, but also optical emission. Blazars are also pwhigh-energy emitters,
the property which is likely to be directly related to the gace of a relativistic jet.
In this work we highlight some observational properties @M jets and, whenever
possible, try to provide physical interpretation of the etved phenomena. A more
detailed outline of this work may be found in Section 1.4.

»

NLR clouds

et

BLR clouds
Acretion disk

"blazar zone"

disk corona

du{corus \

<>

black hole

Figure 1.1: Scheme of a radio-loud AGN. Note that relatizesiare not to scale and
shapes of many structures (like the Broad Line Region — BLdRNerrow Line Region
— NLR) are very uncertain. The “blazar zone” is likely a sns&ttion of the inner jet,
presumably located inside or just outside the BLR. The ‘@labpne” is responsible for
relativistically-beamed, highly variable emission at NARd optical bends and at high
energies.

1.1 Multi-band approach as a powerful tool to probe
physical processes in AGN jets

It is not clear why only about 10% of AGN are radio loud. Theniation of a radio
emitting jet may be related to conditions in the near blaclelt{e.g., Hujeirat et al.
2003; Narayan 2005) environment, the magnetic field stteragtthe black hole spin
(Blandford & Payne 1982; Blandford & Znajek 1977; Wilson & IBert 1995). It is
likely that radio-quiet AGNs are just scaled-down (in terafiget power) versions of
radio-loud AGNs (e.g., Falcke 2001; Kellermann et al. 19%ddernatively it has been

N



suggested that the origin of weak radio emission obsenrgad fadio-quiet AGNs may
be diferent from the one in radio-loud AGNs (e.g., Ishibashi & Gaisier 2010).

The observed spectrum, high brightness temperature anificignt polarization of
radio emission from AGN jets clearly indicates that it hasoa-thermal origin. The
most likely mechanism behind the observed jet radio enmigsithe synchrotron radia-
tion (e.g., Ginzburg & Syrovatskii 1965; Kardashev et ab2XKrolik 1999; Marscher
2009). The major open physical questions regarding AGN gegsrelated to their
launching, energy dissipation and origin of the Spectradrgy Distribution (SED)
components.

The relative positions of principal structures making updio-loud AGN are pre-
sented in Fig. 1.1. Such AGN will be observed as a blazar gtkalong (or close to)
the jet axis. If viewed from a large angle to the jet axis, il We observed as a radio
galaxy or a steep-spectrum quasar.

Blazars are a class of AGN which includes Flat-Spectrum ®R@diasars (FSRQ)
and BL Lacertae-type objects. One of the most remarkabtgsabout blazars is their
ability to radiate across the entire electromagnetic spett from radio to GeV and
TeV y-rays (e.g., Marscher 2006a, 2009). This emission is bedi¢e be produced
by a relativistic jet pointing roughly towards the observéhe SED of a blazar, in
v-vF, representation, has two broad components: one peakingeetar-IR and X-
ray wavelengths and the other peaking-atys (Fig. 1.2). For recent reviews of the
blazar emission mechanisms and energetics one may cormittBer (2010); Celotti
& Ghisellini (2008); Ghisellini & Tavecchio (2009). The rado UV (sometimes up to
X-ray) emission of blazars is believed to be dominated bghkyotron radiation of rela-
tivistic electrons while radiation at higher energies cdug due to the inverse Compton
scattering of synchrotron photons emitted by the electtioaimselves (the synchrotron
self-Compton process, SSC, Ghisellini & Maraschi 1989;e3oet al. 1974) aridr
photons from external sources (External Compton, EC, De&@chlickeiser 2002;
Sikora et al. 1994). The sources of the external seed phtdotie EC process include
accretion disc, broad line region (BLR) clouds, warm dust| the cosmic microwave
background (CMB), with their relative contribution vargifor different blazars.

Despite the wide acceptance of the picture outlined abbeexact location, geom-
etry and physical properties of the regions responsiblélimar emission (the “blazar
zone") at diferent bands remain a controversial issue. It is criticatiamtify the lo-
cation ofy-ray emitting regions in order to distinguish between SS@ BG& models
and determine the origin of seed photons for the EC processedter, the blazar
phenomenon can be explained in the framework of the hadrooiels, where the
relativistic protons in the jet are the primary accelergtadicles, emitting/-ray radia-
tion by means of photo-pair and photo-pion production amtByotron radiation (see
Micke & Protheroe 2001; Miicke et al. 2003 for reviews onrbait models).

Blazar emission is variable in flux and polarization on ticaes from minutes to
decades and longer. Shock-in-jet (Hughes et al. 1985; Marst996; Marscher &
Gear 1985), colliding relativistic plasma shells (Guettale 2004), lighthousefeect
(Camenzind & Krockenberger 1992), MHD-instabilities (@i« et al. 2005) or varia-
tions of the jet orientation caused by the orbital motion Iirzary black hole system
(e.g., Begelman et al. 1980; Valtonen et al. 2008; Villata &itBri 1999) are some of
the models that attempt to explain blazar variability dfiestent time scales. Although
the exact physical processes at play are unclear, the sfutlie demporal behavior
of the SED is important (Angelakis et al. 2009) sinc&atent mechanisms predict
different variability patterns (e.g., Bottcher 2002).

Flux variability in blazars and AGN in general is often dissad in terms of “flares”,
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Figure 1.2: The observed Spectral Energy Distribution (B&Ta quasar-type blazar
compared to a model. See Fig. 3.13 and Section 3.3 for ael@@itcussion.

however such terminology may be misleading. While it is mfp®ssible to visually
identify individual flares in an AGN lightcurve (e.g, Hovattt al. 2008) it is not clear
if these flares actually represent a sudden and catastropaige in the source prop-
erties (such as a dwarf nova flare associated with the phassitton in its accretion
disc). On the contrary, it is quite possible that “flaringtstas the natural state for an
AGN. AGN variability may be caused by a process which cortimly produces flares
with varying amplitudes and time scales.

There is a substantial amount of evidence (Lobanov 201Gajefativistic jets
contributing to generation of non-thermal continuum in tmical (Arshakian et al.
2010; Jorstad et al. 2010; Ledbn-Tavares et al. 2010), X(@Ghatterjee et al. 2009;
D’Arcangelo et al. 2007; Marscher et al. 2008; Soldi et aD&0Jnwin et al. 1997)),
v-ray at MeV-GeV (Jorstad et al. 2010; Marscher et al. 201Qter@ein et al. 1998;
Savolainen et al. 2010) and TeV (Acciari et al. 2009a; Chatial. 2006; Piner & Ed-
wards 2004) energies. Spatial localization of productitessf variable non-thermal
continuum emission in AGN jets is crucial for understandhmgmechanism for release
and transport of energy in active galaxies.

Itis natural to try to unlock blazar secrets by studying tation between their ra-
diation in diferent bands. Comparison of variability properties at twmore frequen-
cies may provide information about the size (through thetslsbobserved variability
timescale) and relative position (correlated variab#ibd timelags) of the correspond-
ing radiating regions. If a quasi-simultaneous SED of a dldms been obtained —
it may be modeled. Depending on specific SED model, it mayntiatty provide
information about physical conditions in the blazar entisstzone, properties of the
BLR andor dusty torus or accretion disk around the black hole as aslhe black
hole mass. A number of dedicated observing campaigns hascbeeucted aiming to
study correlation between blazar variability affdient bands and reconstruction and
modeling of blazar SED at high and low luminosity states (Aled al. 2010f; Acciari
et al. 2009c; Bach et al. 2006; Vercellone et al. 2010; \Allat al. 2009 are just a
few recent examples). It is widely accepted, that multi-@lexagth studies of variable



vy-ray blazars are crucial in addressing the questions abeutigh-energy emission
processes and the mechanisms that convert the flow enerbeg iaternal energy of
the particle population (e.g., Abdo et al. 2010a; Marschat.€2008). However, until
very recently dificulties in organizing observational campaigns have lichdetailed
studies to only a handful of individual AGN. The wide rangevafiability and often
contradictory time lag behavior seen among wave-bandsdriithited, heterogeneous
sample underscores the need to obtain data on a wider raoipgects.

Radio-loud AGNs and especially blazars are by far the mosteraus and most
luminous class of extragalactjeray sources (Abdo et al. 2009; Giroletti et al. 2010;
Hartman et al. 1999; Kovalev 2009). This implies that théreutd be an intimate re-
lation between the appearance of bright radio jet and théymtion ofy-rays (Bloom
2008; Marscher 2006b; Salamon & Stecker 1994). Howevemptasence of a direct
correlation between the total radio apday flux of blazars remains doubtful (Max-
Moerbeck et al. 2009; Muecke et al. 1997). The main reasdrathtigh-quality simul-
taneous observations at both bands are needed on a timeftgaées which will cover
many episodes of blazar flaring activity. Since the launchesfni Gamma-ray Space
Telescope in June 2008 such observationsiay band finally became routinely pos-
sible. A number of ongoing ground-based blazar radio fluximong programs are
collecting data which may be useful forray—radio correlation studies (Aller et al.
2010; Angelakis et al. 2010; Kovalev & Kovalev 2006; Rictmed al. 2010; Terasranta
et al. 2003).

Blazar variability behavior at radio band and its relatioolazar emission in other
bands is further complicated by emission from the extenddubrjet which cannot be
spatially resolved by single-dish radio instruments. h@blem can be attacked with
the technique of the Very Long Baseline Interferometry (VL& scussed in the next
section.

1.2 Parsec-scale study of AGN radio jets with VLBI

1.2.1 Jets aligned with the line of sight

Radio observations with Very Long Baseline Interferomé¥fiBI) provide the high-
est resolution view of parsec-scale AGN jets (e.g., Lob&@Ma; Zensus 1997; Zen-
sus et al. 2006). Parsec-scale structure of most radioe®(ltazars) which are bright
and compact enough to be detected with VLBI is dominated hyght) unresolved or
barely-resolved feature called the core. The core has arflaverted radio spectrum,
characteristic of optically-thick synchrotron emissi@e¢tion 1.3). The exact physical
nature of the structure which we observe as a parsec-scadescstill being debated
(Marscher 2008; Section 4.1), however the available evidenrrently favor its inter-
pretation as a continuous Blandford & Konigl (1979) typevigth smooth gradients
of physical properties along it. The observed position eftbre at a given frequency
is identified with the surface at which the optical depth~ 1 (photosphere) in the
continuous jet. The observed positiog(v), of the core depends on the frequency of
observationy, so thatr(v) « v-¥ (this is so-called “core shift”fect, Fig. 1.3). If the
dominating absorption mechanism in the core is synchratetfrabsorbed and there is
an equipartition between particle and magnetic field engrgythe power index = 1
(Blandford & Konigl 1979). The core shift can be used for deti@ing basic physical
properties of the ultra-compact region of the jet and theosunding absorbing material
(Lobanov 1998b). A detailed discussion of thifeet may be found in Chapter 4.



A steep spectrum jet (often transversely unresolved) isllyséound extending
from the core. Its spectral shape is characteristic forcafiyi-thin synchrotron emis-
sion and results in jet being more pronounced at lower fragies. An examples of
such structure may be found in Fig. 2.3.

optical and high-energy emission

cm-band core

g

mm-band core

Shocks

Figure 1.3: Scheme of a blazar jet. Note that mm-band cooz&tdd upstream (closer
to central engine) than cm-band core due to the “core shiféce At any given fre-
guency, sections of the jet upstream from the core correfpgno this frequency are
hidden from sight by opacity. The “blazar zone”, site of thiRNoptical and high-
energy emission, is located upstream from the mm-band &trecks traveling the jet
could potentially also be responsible for a fraction of hegtergy emission.

Bright features known as “components” often appear overrdimmoous jet flow
(Fig. 4.1). Due to a limited dynamic range of VLBI observasp many jets appear
as a series of discrete components while the underlying fiongston is too weak
to be detected. Jet components are usually associated itk svaves propagating
through the jet (Blandford & Konigl 1979; Marscher 2009).mgmonents often display
apparent superluminal motion (see Fig. 3.6 for an examplgrnatively, components
may signify regions in a continuous bent jet which are moignald with the line of
sight (and are thus brighter due to higher relativistic biegjthen nearby jet regions.
The bending of a jet may occur due to flow instabilities or motof the jet foot-
point (e.g., Lobanov 2010b; Lobanov & Zensus 2001). Compt:eesulting from a
difference in angle to the line of sight (and therefore beamirgyéen sections of a
continuous flow are not expected to show superluminal motida possible that both
components related to shocks and components related teneéing may be found in
real extragalactic jets.

Multi-epoch VLBI observations provide the only direct esitte for relativistic
motion in AGN jets. Observations of jet kinematics are imaot to estimate total
jet power, study the jet structure and geometry and how thaypge with time. Such
observations may also constrain the jet acceleration nmésima(Konigl 2007). The
relation between changes in parsec-scale jet and flux glearsit polarization changes



observed at other wavelength are still an open question atmteresting topic of re-
search. If a sficiently long VLBI time baseline is obtained, it is, in pripée, possible
to probe poorly known aspects of AGN outflows, including dyizal accelerations
and instabilities, precession, collimation, and jet mdigrfeeld stability. A number of
multi-epoch VLBI monitoring programs aimed for investigaft these and other ques-
tions are currently in place (Lister et al. 2009; Marscheale009; Ojha et al. 2010;
Pushkarev & Kovalev 2008).

Multi-frequency VLBI observations provide constrains dalsmodels of blazars
and therefore may be especially useful in the framework oL#titwavelength cam-
paign which samples the SED and its variability with timev&ainen et al. 2008;
Sokolovsky et al. 2010a). Participation of a VLBI array iroad-term multi-frequency
campaign also provides a unique opportunity to study thatiosl between changes
in the parsec scale jet structure, polarization and theadiV8ED of the source. The
relation between the-ray flares and the activity in the parsec-scale radio jetleas
suggested by a number of authors (Jorstad et al. 2001; esdmtiki & Valtaoja 2003;
Marscher et al. 2010b).

1.2.2 Misaligned jets

The core — jet type structure associated with blazars is tonly option of how
an AGN jet may look like on VLBI images. Approximately 7% ofdia galaxies
in complete, flux-limited samples display parsec-scake getd lobe emission on both
sides of a central engine (Taylor et al. 2000, 1996 and reé@®therein). Two-sided
jets are detected with VLBI in bright radio galaxies such &g @ (Bach et al. 2005,
2008) and NGC 1052 (Kadler et al. 2004). The so-called Cotrfpammetric Objects
(CSO; Readhead et al. 1996a; Wilkinson et al. 1994) also gmission on both sides
of an active galactic nucleus (see Section 5.3). These ©tgee like radio galaxies in
miniature, with hotspots and mini-lobes (not jets) usudtyninating their parsec-scale
radio emission (Fig. 1.4). Due to this obvious similaritystrfucture between CSO and
large-scale radio galaxies it was suggested (Phillips &V11982) that they are young
radio sources which would evolve into large radio sources.

Alternatively, Carvalho (1994, 1998) have suggested ti&D€ are not small by
virtue of youth, but rather are frustrated jets impeded bygiaseé interstellar medium.
With this model, the derived ages of the sources range frdhtalD0’ yr. The random
orientations of CSOs test the unified schemes of AGNs thaiinee@n obscuring torus
of gas and dust surrounding the central engine. The angiehthdine of sight of the
observer makes with this torus determines which featureseen (Antonucci 1993;
Urry & Padovani 1995). CSOs often exhibit very broad HI apsion lines (Gupta
et al. 2006; Peck et al. 2000; Pihlstrom et al. 2003; Taylat.€.999) and free-free ab-
sorption (Peck et al. 1999), providing evidence for thetexise of this circumnuclear
torus. H,O megamasers also provide clues to circumnuclear tori inoye®GNs (Lo
2005 and references therein). CSOs typically exhibit vewy polarization (Gugliucci
et al. 2007), if any, because of the large Faraday rotaticasores induced by ionized
gas associated with the torus (Gugliucci et al. 2005).

Kinematic ages can be obtained by measuring the separatemdetween hot
spots over time or the proper motion of a hot spot or jet corepbmvith respect to
the core (Gugliucci et al. 2007). The measurement of a kitienage for the CSO
0710+439 by Owsianik & Conway (1998) of just 11@0100 yr lent strong support to
the theory that CSOs are small by virtue of their youth andectuse of confinement.
The overall CSO age distribution seems to be disproportinatacked toward the
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Figure 1.4: Scheme of a Compact Symmetric Object (CSO) — atuie radio source
contained entirely within the Narrow Line Region (NLR) of iost galaxy.

younger ages (Gugliucci et al. 2007). Possible explanatma that there is a selection
effect against older CSOs, that the jet activity tends to di@fber a certain period of
time, or that CSOs have periods of deactivation and redidivélingay et al. 2003). It
is important to construct representative samples of CSOstwgo down to low fluxes
and are sensitive to symmetric objects of medium sizes ierai investigate these
possibilities in detalil.

Many CSOs exhibit a distinctive shape of the single-disloragectrum with peak
at frequencies from a few hundred megahertz up to a few gitale.g., Polatidis
& Conway 2003). Radio sources with such spectral shape avenkrms Compact
Steep-Spectrum (CSS) and Gigahertz Peaked-Spectrum gBRes (O’Dea 1998;
see Section 5.1). Sensitive multi-frequency VLBI obseoret are required to demon-
strate symmetric structure on the parsec scale (Taylor 20aD). In particular, not all
GPS radio galaxies belong to the CSO class (Section 5.2).

1.3 Radiation from a homogeneous uniform synchrotron
source and how it applies to jets
While a real relativistic jet is a complex structure, a srealttion of it (such as an indi-

vidual jet component) may be approximately treated as atmitloud of magnetized
plasma. The plasma is presumed to be leptonic with a powepéaticle energy dis-



tribution. The theory of synchrotron radiation from sucbud is well developed (see
Sections 1.3.1, 1.3.2 and references therein).

The most notable spectral feature of a uniform synchrottouactis a peak, result-
ing from synchrotron self-absorption at lower frequenckeg. 1.5 shows the theoret-
ical spectrum of a uniform synchrotron emitting cloud. Thecrum is plotted in the
usual spectralK,, Fig. 1.5a) and SEDvf,, Fig. 1.5b) representation. The optically
thick part of this spectrum is characterized by a power laapstwith the spectral index
a =5/2 (F, < v*). The optically thin part of the spectrum also has a powerdhape
and is characterized by a spectral index (1 — p)/2. Herep is the index in the par-
ticle energy distributioN(E) « E~P. The abundance of celestial radio sources which
spectra are characterized by a power law withk 0 strongly supports the adopted
assumption about the power law particle energy distriloutio
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Figure 1.5: Theoretical spectrum of a uniform synchrotraurse (Section 1.3.1) plot-
ted in spectralk,, 1.5a) and SEDw,, 1.5b) coordinates.

Flat spectra of compact cores require an explanation. Theaftho spectrum is
usually explained as a result of emission from an inhomogassource. There are
two most favored paradigms which suggest how such an inhenemus radio source
near the base of an AGN jet may look like. The first one suggestwhat we observe
as a parsec-scale core is a surface at which the optical deptil (photosphere) in a
continuous jet flow with gradually changing physical prasr (Blandford & Konigl
1979). The other explanation, known as the “cosmic conspirasuggests that the
observed flat spectrum results from a series of distinchbgegmponents which have
spectral peaks at fiierent frequencies (e.g., Marscher 1980).

In practice, spectrum of a parsec-scale core is not alwaydthe spectral turnover
caused by synchrotron self-absorption can often be idedtifiobservations in a suf-
ficiently wide frequency range are available (Chapter 2)s linclear however, how
such spectral turnover should be understood in the lightfédreént interpretations of
the core spectrum origin described above. The spectradverrand physical parame-
ters derived from its properties may correspond to a distiomponent in the jet which
has the lowest turnover frequency but is still too close teeotomponents upstream
to be spatially resolved from them. The next component dovwam will be larger
and will have even lower turnover frequency, however it Wwél spatially resolved and



will not contribute to the spectrum of the collection of comngnts which we see as
the core. Alternatively, the turnover may correspond tocige in a continuous jet

(Blandford & Konigl 1979; Konigl 1981) where its propertisgsddenly change due to
some disruption, and the lack of emission at lower frequesiitom this jet region (due

to opacity in it) is no longer fully compensated by opticalyn emission from other

regions downstream.

The self absorption turnover in the core spectrum carriggnmation about the
region near the downstream end of the structure which werebses the core. How-
ever, even if the spectral turnover is detected, the spmabithe core region usually
deviates significantly from the theoretical spectrum of enbgeneous source due to
contribution of emission from nearby regions. Sometimles,dpectral turnover may
be detected in a jet component spatially separated fronotte(8avolainen et al. 2008;
Sokolovsky et al. 2010b). Spectrum of such component isllysoraich closer to the
spectrum of a uniform source. This provides an opportumitgdcurately determine
physical conditions in such component.

Sections 1.3.1 and 1.3.2 will describe the relation betwkembserved parameters
of synchrotron self-absorption peak in the spectrum angliysical parameters of the
emitting plasma cloud.

1.3.1 Synchrotron radiation along the line of sight

Following Pacholczyk (1970), we consider a uniform cloudedétivistic electrons in
the external uniform magnetic field with compondht perpendicular to the line of
sight. We assume that the electron energy distribution $criteed by a power law
within a certain energy range:

N(E) = NoE™P, Emin < E < Emax
whereNp andp are constants. For this case, we can write the radiatiosfeaaquation
dl,
ds

wherel, is the specific intensity of synchrotron radiation at thejérencyv, dsis the
differential element of path length, is the emission cd&cient (emissivity)«, is the
absorption (extinction) cdicient. If j, andk, are constant along the line of sight, the
solution of the radiation transfer equation is

= _Kvlv + jv;

L s
- | k,ds i
u=]$e5 ds= (1 e*b),
Ky
0

wherelL is the size of the electron cloud along the line of sight, aid = 7, is the
optical depth.
According to Pacholczyk (1970), this solution can be wnitire the form:

I, = S(r)I(—, p), (1.1)
V1
where
v1 = 2c1(NoLcg(p)) P+ BPr2/(PH4) (1.2)
Cs(P) n-1/2 V1 5/2
- g-12YL 1.
S0 cG(p) -+ 201 (1:3)

10



Iz p) = 2%(1 - expl-z P77,

3e
c = =6.27x 10,
! 4rmgcd %
\/ﬁ 63 23
C3 = E@ =1.87x10 -,
1 3p-1\ (3p+7\[(p+7/3
CS(p)‘4C3F( 12 )F( 12 )( D+l )

1{c) 10\ (3p+2\. (3p+10
C6(p)=3_20_1 C3 p+§l“ 12 r o)

wheree is the electron charge is the electron mass, amds the speed of light in
vacuum.

The power law indexp of the electron energy distribution may be found from the
spectral indexx (F, « v*) in the optically thin part of the spectrunp = 1 — 2a.
The optical depth, corresponding to the observed spectral peak frequenoyay be
found from equation expf,] = 1+ 221y,

The frequency; corresponding tar,, = 1 may be found fromvy,, p andrpy:

2/(p+4)
V1 =Tm Ym-
From equations (1.1), (1.2) and (1.3), we can derive thegrahigular component
of the magnetic field:
IE PNV v \°
c(p) Iy 2c;

Note, that if the size of an emitting region is smaller themdngular resolution, only a
lower limit on the intensity and, correspondingly, @pper limiton the magnetic field
B, can be derived.

Gould (1979) has correctly pointed out that the spectrum wifiorm “slab” de-
scribed here would be fiierent from the spectrum of a uniform spherical cloud. The
reason is that in a uniform spherical cloud, while local raetdproperties (such as the
particle density and magnetic field strength) may be comnstanoss all the volume of
the cloud, the optical depth of a spherical cloud would Ifgedént along dferent lines
of sight. However, there is no reason to belive that the spalecloud may approxi-
mate a section of a real extragalactic jet any better thesldie— this is a very crude
approximation anyway. Unfortunately, a more accurate rhodenot be developed
without detailed information about the emitting region gestry which is currently not
available.

1.3.2 Synchrotron radiation of a spherical source

In Section 1.3.1 we have briefly described how intensity ofcéyotron radiation is re-
lated to the magnetic field strengin the emitting plasma. In practice however from
interpretation of VLBI data one obtains total flux of a jet qmanent and estimation of
its size. For this kind of data a convenient formalism hasmt@wevided by Marscher
(1983) who computed the total synchrotron flux from a splaggnchrotron emitting
cloud.
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The model of Marscher (1983) assumes a spherical cloud sfriaavith a uniform
(in strength, but disordered in direction) magnetic fiBldnd an isotropic, power—law
particle energyk) distribution:

N(E) = NoE* ! (y1m€ < E < yom?)

wherea is an observed spectral index in the optically thin part efgpectrurh In the
framework of this model, the magnetic field strength can béseld (Marscher 1983)
as:
1)
— 5 4.5 -2
B =10"°b(a)d"v;, S,y 13

whereB is in G, vy, is the peak frequency in GH3,, is the flux density in Jextrap-
olated from the optically thin part of the spectrusn= m is a Doppler factor,

B=%tv= \/11_ﬁ2 ¥ is an angle between the cloud velocityand the line of sight,
Z—source redshift is the angular diameter of the cloud in milliarcseconds .el\titat
according to Marscher (1983) it is not appropriate to use R\ the best-fit Gaus-
sian component to determimddan the above formula since it is substantially less then
the diameter of a spherical component which could be usesbimduce the data. For
a partially resolved component the substitutioa 1.8- FWHM is reasonably accurate

(Marscher 1983).

Table 1.1: Dimensionless parameters of the spherical sgtrom source model

a b n
0.25 18 7.9
0.50 3.2 0.27
0.75 3.6 0.012
1.00 3.8 0.00059

Adapted from Marscher (1983).

Normalization constant in the particle energy distribat{Marscher 1983):
Ng = n(a,) Délbcgmr—7vﬁ(11—58%—2@(1 + Z)2(3—0z)52(0z—3)

n(a) andb(e) are dimensionless parameters listed in Table Dgly is the luminosity
distance in Gigaparsecs.

1.4 Outline of this work

¢ In Chapter 2 we propose a recipe for estimating the magnetit $trength in
AGN jets on the basis of simultaneous multi-frequency VLBtad The method
is applied to VLBA observations of 38 bright extragalactidio sources.

e Chapter 3 describes individual sources in a context of ofirndvelength blazar
observing campaigns associated with #e¥mi Gamma-ray Space Telescope
(FGST). The VLBA data are used to put additional constraimtsSpectral En-
ergy Distribution (SED) models.

va oc Y
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e Chapter 4 presents observational results of a multi-frequé&/LBA program
to observe twenty sources showing large frequency-demeiitplacement of
the parsec-scale core position (the “core shifffeet). It is shown that syn-
chrotron self-absorption is the dominating opacity medrarresponsible for
the observedféect.

¢ In Chapter 5 we describe affert to identify promising candidate young radio-
loud AGN on the basis of multi-frequency single-dish and Yidata. Some of
these sources may be intrinsically similar to blazars, btifigned with the line
of sight. We compare the high-energy emitting propertiethefselected young
radio source candidates with thouse of blazars.

e The results of this work are summarized in Chapter 6.

Throughout this work, we adopt/eCDM cosmology, with the following values for
the cosmological parameterdy = 0.71,Q, = 0.27, andQ, = 0.73 (Komatsu et al.
2009).
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Chapter 2

Constraining the magnetic field
strength and particle energy
spectrum in AGN jets with
multi-frequency VLBI
observations

The spatially resolved broad-band radio spectroscopy Metly Long Baseline Inter-
ferometry (VLBI) is one of the few methods that can probe thggical conditions in-
side blazar jets. Detection of the synchrotron self-altsmmgurnover in the spectrum
of aradio jet feature combined with an estimation of its gimevides an opportunity to
estimate the magnetic field strength in it by applying singylechrotron theory. How-
ever, reconstruction of a broad-band radio spectrum froBNata is challenging due
to differences inuv-coverage and sensitivity at high and low frequencies anbdipms
with multifrequency VLBI image alignment. The applicabjlof the simple theory of
a uniform synchrotron source to real radio sources alsoirenaa open question.

Single-zone synchrotron self-Compton and external Comptodels are widely
used to explain broad-band Spectral Energy Distributi®@B0s) of blazars from in-
frared to gamma-rays. These models bear obvious siméarft the homogeneous
synchrotron cloud model which is often applied to explaidisaemission from in-
dividual components of parsec-scale radio jets. The pessale core, typically the
brightest, highly variable and the most compact featurb@aapparent base of a blazar
radio jet, could be the source of high-energy emission. Vjgenteon ongoing work
to test this hypothesis by means of simultaneous multidfeagy VLBA observations.
These observations allow one to obtain the emitting regiand spectrum which, in
turn, provide us with estimates of magnetic field strength@article energy spectrum
in the radio emitting region.

We describe a method which allows one to reconstruct spatiedolved spectra
from simultaneous multifrequency VLBI observations. Tdiepectra can be used to
constrain the magnetic field strength in the regions of thecs®where synchrotron
self-absorption peak is detected. The method is appliedrtonaber of sources ob-
served with the VLBA.
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First results of the work described in this chapter were gmtexd in Sokolovsky
et al. (2010a,b).

2.1 A CLEAN component-based method of spatially re-
solved spectrum reconstruction

This section will present a method of recovering spatiadiyalved spectra from mul-
tifrequency VLBI data. However, before proceeding to theadigtion of the method
which will be given in Section 2.1.2, Section 2.1.1 will pees a short introduction to
the standard single-frequency VLBI image reconstructammhique.

2.1.1 VLBIimaging with CLEAN algorithm

An astronomical interferometer is a device that measueiterference (or attributes
associated with the interference) of radiation from asimical sources. The inter-
ferometer consist of a number of elements (telescopes) aediae which combines
signals from individual elements (correlator). “Apertsgmthesis” or “synthesis imag-
ing” is a type of interferometry that mixes signals from aleciion of telescopes to
produce images having the same angular resolution as aarirestt the size of the en-
tire collection. Aperture synthesis is possible only iftbtiie amplitude and the phase
of the incoming signal is measured by each telescope. Thyshmachieved by cor-
relating signals received by two telescopes using two cblanim the first channel the
signals are combined as-is (cosine channel) and in the det@mnel signals are com-
bined after introducing a 9Qhase shift into one of the signals (sine channel; Porcas
2008). Naturally, the phase shift may be introduced only $ofciently narrow band.
A wide-band signal recorded at each telescope is dividedrimny individual sub-
bands at the stage of correlation. The complex value meddyran interferometer
capable of aperture synthesis is known as the “complexilifgit( Thompson 1999).

Most aperture synthesis interferometers use the rotafitredzarth to increase the
number of diferent baselines included in an observation. However, evdmthe aid
of Earth rotation, the complex visibility is measured onraifed number of baselines
forming anirregular pattern on the~plane (the plane at right angles to the center of the
observed field). The finite extent of thie-plane coverage and gaps in the coverage (ar-
eas where no visibility measurements are available) wildpce artifacts (sidelobes)
in an image obtained by Fourier transform of measured conyigbilities. Sidelobes
from bright features in the image will severely limit the igeadynamic range obscur-
ing fainter features and making such image essentiallyessgBriggs et al. 1999).
Therefore, a more sophisticated image reconstructiomtqab is needed which will
incorporate a priori knowledge about some properties ofréitenstructed image to
overcome the problem of the unevewcoverage.

The CLEAN algorithm proposed by Hogbom (1974) allows onestmonstruct an
image with suppressed sidelobes by approximating the mate structure with a
number of point sourceg-functions commonly referred to as “CLEAN components”)
in an otherwise empty field of view (Cornwell et al. 1999). Aerative approach is
employed to find the positions and strengths of these pointss. The initial image is
used to identify the brightest spot and the model point svigplaced in the position
of the spot. The flux of the point source is chosen to be onlaetiftny < 1 (called
the “loop gain”) of the flux associated with the spot on thei@hiimage to improve

15



stability of the algorithm. The estimated contribution bistpoint source (together
with associated sidelobes) is subtracted from the initiedge. Then, the search for
the brightest peak on the residual image is conducted andewemodel component
is placed in its position. The procedure is repeated untdignificant peaks remain in
the residual image. The final resulting image, known as thEANLimage, is the sum
of all these point source components (CLEAN componentsyawad with a restor-
ing beam (usually of Gaussian shape) plus the residual irabieh was left after
subtracting all point source components). The convolutigth the Gaussian beam
is needed to smooth-out fine details of the CLEAN model whighreot constrained
by actual measurements (baselines that would constraimdine larger then maximum
covereduv-radius) and, therefore are arbitrary. Addition of thedesi image is needed
to indicate the remaining noise level. Therefore, both otution with the Gaussian
beam (which has no sidelobes but still has long wings) andiadaf the residual map
serve one purpose to convert the non-unique CLEAN modebxjrpating the data to
an image which is reasonably well constrained and can bepmeted. The resulting
image should be a good approximation of the real brightnessstdition of the source
convolved with the restored beam down to a level indicatetthbyesidual image noise.

2.1.2 Description of the spectrum reconstruction method

Synchrotron self-absorption turnover frequency and flnsitg provide an estimate of
magnetic field strength in the jet (e.g., Lobanov & Zensus81 @ction 1.3) making
spectrum reconstruction from VLBI data desirable. One weagxiract a spectrum of a
particular region in the jet from multifrequency VLBI datdss to model the jet struc-
ture (in image or visibility plane) at each frequency withuamber of two dimensional
(2D) Gaussian components and then visually cross-idetitfycomponents between
frequencies. In many cases, such identification in a widguieacy range is indeed
possible (Chapter 4) and this method is widely used (e.yol8men et al. 2008). If
a jet component shows the spectral turnover caused by sytnchrself-absorption,
the magnetic field strength in it may be estimated using féampresented in Sec-
tion 1.3.2. However, this method has a few obvious disadget.(i) it relies on the
assumption that the brightness distribution of a jet conepdomay be represented rea-
sonably accurate with a Gaussian (i) component identification between frequency
is labor-intensive angiii) somewhat subjective (sincefitirent models may represent
the observational data equally well).

To overcome the inherent limitations of the Gaussian corapthased method
and test how they mayfi@ct analysis results, we have developed an alternativeatieth
based on automatic identification of CLEAN-componedstiifictions) across frequen-
cies within a certain jet region. This method allows to camsta source image with a
spectrum associated with each image pixel. First we giveaildd description of the
proposed procedure and then repeat the description in acoadensed form.

As a preliminary step for the spectral reconstruction whik CLEAN component-
based method, VLBI images obtained dtelient frequencies need to be aligned. This
can be achieved using 2D cross-correlation technique ordaefing the source struc-
ture with Gaussian components and their cross-identifinatNote, that in the latter
case, there is still an advantage over the use of Gaussiael padmeters for spectral
determination since only a single bright, optically thimgmonent needs to be identi-
fied across all frequencies for the relative image shiftetdétermined. At frequencies
above 5 GHz where the frequency dependent core shifties small (Chapter 4) it is
often possible to use the position of the optically thickecfor image alignment. For a
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discussion of VLBI image alignment techniques see also@edt2.2. After the shifts
between images atfiierent frequencies are determined, they are applied to thgem
and the corresponding CLEAN models.

In order to reconstruct the radio spectrum in a given pixehdfhifted image,
the sum of CLEAN components around this pixel is used. The ANlEomponents
are summed inside the radiks = O(lowest frequencyB at each frequency, where
O(lowest frequency) is the half-power beam width at the ldvedsserving frequency
of a multifrequency dataset. A reasonable cfitreeds be chosen for the total flux
of the CLEAN components summed within the radRs The radiusR should be
comparable to the angular resolution at the chosen flux €ut-Bor the value of
R = O(lowest frequency)3 used here we set the cuf-@alue at the signal to noise
ratio SNR= 10. Note also that, naturally, the estimated magnetic figkhgth values
in two nearby pixels will be dependent on each other (sineestime CLEAN compo-
nent may contribute to the flux assigned to both pixels) ifdis¢éance between the two
pixel is less therR. A median filter with the radiu® may be applied to smooth the
resulting map. The median filtering may instead be applitat @ the resulting mag-
netic field strength map. Such filtering is justified since patml information on the
size scale less theR is expected to be recoverable with this spectrum recortsirnic
method.

If the spectral turnover is detected in a given pixel, the nedig field strength in
this pixel may be constrained using the formulas from Secti®.1. The intensity of
the synchrotron radiatioh, needs to be estimated to use the results of Section 1.3.1.
It may be estimated simply as the total flux assigned to a giwesi divided by ZR,
whereR s defined above. The problem with such estimation is thatifdctual size of
the emitting region (even in one direction) is smaller tRethe resulting value will be
only a lower limit on the radiation intensity and, therefooaly an upper limit on the
magnetic field strength may be determined using it.

Below we repeat the description of the proposed methodlstestep.

1. Observations at each frequency (which were conductedtsineously) need to
be reduced independently following the standard proced@ EAN’ing and
self-calibration (hybrid mapping).

2. Shifts between the resulting images should be deternfihedugh model fit-
ting or 2D cross-correlation technique, see also the d&onsn Chapter 4) and
applied to the images and CLEAN models.

3. “Unconvolved images” should be reconstructed from th&&N model at each
frequency by summing all the CLEAN components within a givadiusR de-
termined by the angular resolution at the lowest observieguency. The pixel
size of such image may be chosen arbitrary, however it makeege choose the
pixel size equal to or smaller théh The pixel size should be the same for each
frequency. A flux cut-& should be applied to these images in order to avoid
areas with low flux which spatial origin cannot be constrdittean area smaller
thanR.

4. Since the models at all frequencies are spatially aligmetthe pixel size is the
same at each frequency, the spectrum at each pixel may benitete. Only
pixels where the spectral turnover is detected are keputaré analysis.

5. The spectrum in each pixel should be fitted with the unifeymchrotron source
model (Section 1.3.1). The model will provide an estimatéhefmagnetic field
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strength in the pixel from the parameters of the fitted spectnd the valu®.
The estimated magnetic field strength value should be teegean upper limit
unless it is known from a separate analysis that the spaéatent of the source
in this pixel is greater thaR.

2.1.3 Discussion of the method

While being relatively free of the disadvantage of the Gaussomponent-based method
mentioned above, the CLEAN component-based method hasiportant disadvan-
tages of its own. First, within the method, there is no wayisiguish between the
resolved and unresolved jet regions. For unresolved regiaty a lower limit on the
intensity of synchrotron radiation and, therefore only aper limit on the magnetic
field strength can be determined (Section 1.3.1). Secoedrtgular resolution asso-
ciated with the reconstructed spectrum is determined bydkelution at the lowest
observing frequency. Unfortunately, for a typical muéifuency VLBA observation,
the regions where spectral turnover is detected are nolfipatsolved at low fre-
guencies. Therefore, in the majority of cases, only an ujupéron the magnetic field
strength can be determined. On the other hand, for the Gausemponent-based
method it is possible to achieve “super-resolution” at Iodvequencies by applying
additional constraints on the model (such as fixing the nurabe relative positions of
the model components) using information obtained at hiffeguencies where angular
resolution is better (Savolainen et al. 2008).

Finally, it should be noted, that it is not possible to usedbevolved CLEAN im-
ages directly (even if the images are convolved with the da@aen) to obtain spectra
suitable for magnetic field strength estimation. The reasambe understood from
Fig. 2.1. Convolution of the actual brightness distribatiof the source (which is
approximated by the CLEAN model) with a Gaussian producegelareas of arti-
ficial low flux surrounding each area where the actual flux iected and signified
by CLEAN component(s) placed in that area. These artificatlux areas (where
there should be no flux at all) result in very high estimateldes of B, (Fig. 2.1a)
around each spot with actual detected flux (and, thereforeasonable estimation of
B.). Therefore, only values in the center of the Fig. 2.1a whgre< 10 G may be
considered as reasonable upper limits on the magnetic fieddgth. The impossi-
bility to distinguish areas with real flux from areas with axfialue assigned due to
the convolution makes the use of convolved images for magfield distribution re-
construction impractical. The procedure of CLEAN-compasesummation within a
certain radius can be considered an equivalent to the catimolof the CLEAN model
with a box-shaped beam instead of the Gaussian-shaped beam.

2.2 Magnetic field in the parsec-scale core regions of
bright y-ray blazars

This section will describe application of the spectrum restauction method presented
in Section 2.1 to a sample of 2@ray bright blazars observed with the Very Long

Baseline Array (VLBA) at seven frequencies in the rang®-432 GHz during the
first year of theFermiy-ray observatory mission.
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Figure 2.1. Maps of the best-fit synchrotron spectrum (Fig) parameters and the
estimated magnetic field strength derived from nine imad@es-154 GHz range) of
the source 1458718 convolved with the same Gaussian beam. From this example
it is clear why convolution with a Gaussian beam makes VLBagms unsuitable for
magnetic field estimation. The convolved images have lamgas=of artificial low flux
surrounding each area where the actual flux is detectedh{sekdtribution of the peak
intensity at Fig. 2.1b). These artificial low-flux areas (nhéhere should be no flux
at all) result in very high estimated values Bf (Fig. 2.1a) around each spot with
actual detected flux (and, therefore, a valid estimatioBof The peak frequency
(Fig 2.1c) and power index of the electron energy distrinutiFig 2.1d) do not change
much across the area and thteet of their changes is negligible compared to tfiect
of convolution. We note that only pixels where spectral twer was detected (i.e.
the spectrum in such pixel significantly deviates from a polae) are shown on the
images.

2.2.1 Introduction

Blazars are active galactic nuclei characterized by higlalyable non-thermal con-
tinuum emission across the electromagnetic spectrumi¢®ettl, Marscher (2006a,
2009)). Their radio to UV (sometimes — X-ray) emission igéadd to be dominated by
synchrotron radiation of relativistic electrons while iegttbn at higher energies could
be due to the inverse Compton scattering of synchrotrongpisogmitted by the elec-
trons themselves (the synchrotron self-Compton procesS, Shisellini & Maraschi
1989; Jones et al. 1974) and photons from external sourcéer(ial Compton, EC,
Dermer & Schlickeiser 2002; Sikora et al. 1994). The soudfethe external seed
photons for the EC process include the accretion disc, Himadegion (BLR) clouds,
warm dust and the cosmic microwave background (CMB), widirtfelative contribu-
tion varying for diferent blazars.
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Figure 2.2: Spectrum of a single pixel (red points) in Fid. 2ompared to a power
law (green line) and synchrotron spectrum (blue curve) fihe Bynchrotron model
clearly provides better fit to the data. Spatial distribasi@f the best-fit parameters of
the synchrotron model: peak intensByeai, peak frequencypeakand electron energy
distribution indexp (p = 1 - 2«¢, S, « v*) are presented on Fig 2.1b, 2.1c and 2.1d
respectively.

Despite the wide acceptance of the picture outlined abbeexact location, geom-
etry and physical properties of the regions responsiblbazar emission at fferent
bands remain largely unknown. Considerable success hasdwobieved by single-
zone models (assuming a single spherical relativistiaalbying blob of magnetized
plasma which emits synchrotron radiation and interacth ait ambient photon field)
in explaining blazar emission from IR teray energies (among the many recent ex-
amples: Abdo et al. 2010a; Finke & Dermer 2010 and the reteem Table 2.4). For
additional discussion of the blazar emission see Sectibn 1.

The Large Area Telescope (LAT; Atwood et al. 2009) on boarlRérmi y-ray
observatory, launched on 2008 June 11, provides a wealtewfimformation about
high-energy radiation of blazars. It is believed that thighkenergy emission is in-
timately connected with the emission at lower energiesigradoptical) through the
process of inverse Compton scattering. Very Long Baselierferometry (VLBI),
with its spectacular angular resolution, provides the ndesailed view of inner re-
gions of blazars (Zensus 1997). In most cases, VLBI obsensteveal one-sided
relativistically beamed parsec-scale jets originating toright, compact region called
the “core”.

The spatially resolved broad-band spectroscopy is oneefdiv methods that
can probe the physical conditions inside blazar jets. Degpe great potential of
this method, its applications are still relatively raregs®avolainen et al. 2008 and
references therein), owing toficulties in implementing it and interpreting results
obtained (Lobanov 1998a). In addition, multifrequency \ILdbservations require
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large amounts of observing time and most VLBI arrays lackézal capability to
perform simultaneous multifrequency observations.

A significant fraction of blazar radio emission is known tgyorate at the extended
parsec-scale jet and cannot be accounted for in the frankevbar single-zone model.
However, emission from individual jet components resohtth the Very Long Base-
line Interferometry (VLBI) can usually be well described bysingle uniform syn-
chrotron source model (Marscher 1983, 2009; Pacholczyl;19éction 1.3). It is
tempting to identify one of the jet components resolved bB\Avith the zone respon-
sible for the emission at higher frequencies (Marscher BOO®win et al. 1994).

We utilize the NRAO'$ Very Long Baseline Array (VLBA; Napier 1994) which
has the unique capability to conduct observations quasisaneously at many fre-
guencies needed to constrain physical conditions in thmmegvhere blazar radio
emission originates. We reconstruct radio spectra of pessale features in jets of
selectedy-ray bright blazars and compare them with the simple homeges syn-
chrotron source model, which allows us to derive infornratdout the magnetic field
strength and particle energy distribution.

2.2.2 Observations and data reduction
VLBA observation setup

Twenty blazars that were expected to be brigitay emitters, prior to the launch of
Fermi Gamma-ray Space Telescope were observed with the VLBA glalieven 7—
14 h long dedicated sessions in September 2008 — June 2083%isTof the observed
sources is presented in Table 2.1. Each source was obsémathmeously using’,

X, Ky, K, andQ band receivers (according to the Institute of Electrical &tectron-
ics Engineers or IEEE nomenclature, see Table 2.2) in 1#6e482 GHz range. At
each band four 8 MHz-wide frequency channels (IFs, Tablgwe2e recorded in both
right and left circular polarizations with 2-bit samplingda total aggregate bit rate of
128 Mbitgsec (6 sessions) or 256 Mbgsc (5 sessions). The higher aggregation bit
rate was used for faint sources. The correlation of the datsaperformed at the VLBA
Array Operation Center in Socorro, NM, USA, with an averagiime of 2 seconds.
Data inC andX bands were divided in two sub-bands (two IFs in each sub)xerd
tered at 46, 5.0, 81, and 84 GHz.K,, K, andQ bands were not divided into sub-bands
in order to achieve image sensitivity similar to lower frequaies in a comparable in-
tegration time; all four IFs were stacked together around, 1838, and 43 GHz
respectively. The central frequencies of the sub-bande @leosen in such a way that
at least one sub-band in each band is centered at a frequanepich antenna gain
curve measurements are available. A special procedureppdiséto ensure accurate
amplitude calibration of all sub-bands (the procedure s&cdbed in Section 4.2.3).

VLBA data calibration and imaging

The initial calibration was conducted &IPS (Greisen 2003) following the standard
VLBA calibration procedure involving a priori amplitude ldaation with measured
antenna gain curves and system temperatures, phase tafibuaing the phase-cal
signal injected during observations and fringe fitting. Tiirege fitting was performed
by the taskFRING. A separate solution for the group delay and phase rate wde ma

1The National Radio Astronomy Observatohttp: //www.nrao.edu/
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Table 2.1: A sample of-ray bright blazars observed with the VLBA

Name Alias R.A. (J2000) Dec. (J2000) z Optical class VLBA@&poO
0235+164 02:38:38®30107 +16:36:5927449 0940 QSO A: 2008-09-02
0528+134 05:30:56416749  +13:31:5514944 207 QSO C:  2008-10-02
0716+714 07:21:53148480 +71:20:3636341 0312 BL Lac G: 2009-02-05
08274243  0J 248 08:30:5@86195  +24:10:5982027 0939 QSO H:  2009-04-09
0851+202 0J 287 08:54:4874931  +20:06:3064077 0306 BL Lac F: 2009-02-02
1101+384 Mrk 421 11:04:2813945  +38:12:3179895 0031 BL Lac I: 2009-04-22
1219+285 W Comae 12:21:3890524  +28:13:5850011 o161 BL Lac J: 2009-05-14
1226+023  3C 273 12:29:0699731  +02:03:0859795 0158 QSO G:  2009-02-05
1253-055 3C 279 12:56:1166556 -05:47:2152491 0538 QSO F: 2009-02-02
1406-076 14:08:56181198 —-07:52:2666661 1493 QSO I: 2009-04-22
1510-089 15:12:5(:32927 -09:05:5982980 0360 QSO H: 2009-04-09
1622-297 16:26:08020840 -29:51:2697132 0815 QSO K:  2009-06-01
1633+383 4C 38.41 16:35:1892974  +38:08:0450043 1807 QSO L: 2009-06-20
1652+398  Mrk 501 16:53:5216683 +39:45:3660879 0033 BL Lac J: 2009-05-14
1730-130 NRAO 530 17:33:0Z05786  —13:04:4954839 0902 QSO L: 2009-06-20
1959+650 19:59:5852086 +65:08:5465262 0047 BL Lac D: 2008-10-23
2155-304 21:58:5065130 -30:13:3211833 0116 BL Lac B: 2008-09-05
2200+420  BL Lacertae  22:02:4391371 +42:16:3997985 0069 BL Lac A:  2008-09-02
2251+158 3C454.3 22:53:5747940 +16:08:5356075 0859 QSO C: 2008-10-02
2344+514 23:47:0836815 +51:42:1788146 0044 BL Lac D: 2008-10-23

Column designation: Col. 1 — IAU source name (B1950), Col. 2 — commonly used soneree, Col. 3 and 4 — VLBI

position, for details selettp: //astrogeo.org/vlbi/solutions/rfc_2010c/and Beasley et al. (2002); Fomalont et al.
(2003); Kovalev et al. (2007); Petrov et al. (2009, 2005,8@D08), Col. 5 and 6 — redshift and optical class from Véron
Cetty & Véron (2010), Col. 7 — one-letter epoch code and tireesponding date of multi-frequency VLBA observations
reported in this work.

2 Photometric redshift obtained by Nilsson et al. (2008).

b Photometric redshift, see Finke et al. (2008).

for each frequency channel (IF). As the final step of calibratbandpass corrections
were applied utilizing the tadRPASS

Table 2.2: IF central frequencies

IEEE Band IF Frequency
(MHz)
460449
461249
499949

500749

C

A WN P

810449
811249
842549
843349

XXXX 000

A WN PR

Ky
Ky
Ky

1535349
1536149
1536949
1537749

A WNPEP

2379249
2380049
2380849
2381649

ARARXR
A wWN R

4320549
4321349
4322149
4322949

loyoyeolel
AWNE

Column designation: Col. 1 — Radio band name according to the IEEE radar band ndatare, Col. 2 — number of the
frequency channel (IF), Col. 3 — central frequency of thgdency channel (IF).

The sources were imaged independently in each band, usrgitBAN algorithm
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(Hogbom 1974) implemented in tHeifmap software (Shepherd 1997). Global am-
plitude corrections for left and right circular polarizatifor each IF at each antenna
were determined by comparing the total intensity CLEAN mad¢ained with the ini-
tially calibrated data (again usirigifmap). The amplitude corrections obtained were
averaged over all the sources observed in the experimerd.sifimificant amplitude
correction factors which were found are listed in Table Z'Bese amplitude correc-
tions were introduced into the dataset using AieStask CLCOR After thatC and

X band data were split into two sub-bands as described abalvéreat total intensity
imaging for each sub-band was conducted independentlg Efmap. The resulting
accuracy of the amplitude calibration is expected to-be % atC, X, andK, bands
and~ 10 % atK andQ bands.

2.2.3 Results

Parsec-scale radio emission of all the observed sourcése(Zad) is dominated by a
bright unresolved core (the apparent origin of the jet (Ri@), see a discussion by
Marscher 2008, see also Chapter 4). The radio spectra iratiseg@scale core regions
of the observed blazars have diverse properties. Most of #re nearly flat, with signs
of curvature at lower frequencies, which we interpret ahywtron self-absorption.
Cores in four sources (073614, OJ 287, 1622297, and 3C 454.3) show inverted
spectra which are slightly curved. The core spectrum of only source (1516089)
can be adequately described by a simple power law in the wh6ie132 GHz fre-
quency range. Fig. 2.4 compares core radio spectra ofd®and OJ 248. In the
following, we focus on sources that show a well defined spétttrnover, and thus can
be used to determine the physical conditions in the emitilagma.

Table 2.3: Amplitude corrections for the BK150 VLBA expednt
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HN K 4 F R 126
HN K 1 G R 125
HN K 2 G R 126
HN K 3 G R 131
HN K 4 G R 129
BR K 1-4 K R 120
BR K 1-4 L R 113
NL K 1-4 L R 116
sc K 1-4 H R, L 111
HN K 1-4 [ R, L 110
sc K 1-4 A L 114
HN K 1-4 B L 120
BR K 1 D L 0.95
BR K 2 D L 0.96
BR K 3 D L 0.93
BR K 4 D L 0.89
BR K 1 H L 0.87
BR K 2 H L 0.88
BR K 3 H L 0.84
BR K 4 H L 0.80
BR K 1 [ L 0.88
BR K 2 [ L 0.90
BR K 3 | L 0.86
BR K 4 [ L 0.83
HN K 1 F L 122
HN K 2 F L 128
HN K 3 F L 130
HN K 4 F L 122
HN K 1 G L 124
HN K 2 G L 131
HN K 3 G L 131
HN K 4 G L 123
NL K 1-4 L L 112
sc K 3 L L 0.90
FD Q 1-4 AB,C,D R 0835
NL Q 1-4 A R 118
NL Q 1-4 B R 111
sc Q 1-4 B R 114
BR Q 1-4 D R 110
FD Q 1 F R 115
HN Q 1 F R 126
HN Q 2 F R 125
HN Q 3 F R 128
HN Q 4 F R 129
HN Q 1 G R 156
HN Q 2 G R 155
HN Q 3 G R 158
HN Q 4 G R 161
NL Q 1-4 L R, L 140
NL Q 1-4 A L 118
NL Q 1-4 B L 111
sC Q 1-4 B L 114
BR Q 1-4 D L 110
HN Q 1 F L 134
HN Q 2 F L 135
HN Q 3 F L 136
HN Q 4 F L 130
HN Q 1 G L 168
HN Q 2 G L 167
HN Q 3 G L 167
HN Q 4 G L 161
oV Q 1-4 K L 092

Column designation: Col. 1 — Antenna name, Col. 2 — radio band name, Col. 3 — numfid@edrequency channel
(IF), Col. 4 — epoch to which the amplitude correction wasliagp(date corresponding to an epoch name may be found in
Table 2.1), Col. 5 — polarization (right or left circular)plC6 — amplitude correction cficient.
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Figure 2.3: Spectrum of the core and naturally weighted CNE#ages of they-
ray bright blazars observed with the VLBA betweeb 4nd 432 GHz. The lowest
contour value ‘clev’ is chosen at four times the rms noise gbak brightness is given
by ‘max’. The contour levels increase by factors of two. Thslted contours indicate
negative brightness. The half power beam width is shownerbtittom left corner of
the images in grey. An epoch of observation is shown in theobotight corner.
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Figure 4.1 continued...
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Figure 2.4: VLBA spectra of core regions of 151@B9 (a) and OJ 248 (b). The former
spectrum is flat while the latter one shows a prominent syotobm self-absorption
peak. The green line is a power law fit. The blue curve is a h@negus synchrotron
source model.

We fit a homogeneous synchrotron source model (PacholcZg; Bection 1.3.1)
to the observed spectra in order to obtain the magnetic fieddgth and particle energy
distribution. The “slab” shape of the source is assumedfigpkcity and in the absence
of better constrains on the actual source geometry. Inquéati, we see no reason to
prefer a spherical model over the slab-shaped one.

The results of the spectral modeling are presented in Tabld=2r 15 sources, the
model provides an adequate fit to the observed spectra wdledurces exhibit flat or
inverted spectra that cannot be described by the homogesgaahrotron model.

Table 2.4 also presents estimates of the core size obtaiitlee highest observing
frequency (42 GHz). In order to measure the core size, the structure df sawrce
was modeled in the visibility plain with a number of circul@aussian components
using Difmap. The size estimate given in Table 2.4 is the FWHM the Gaussian
component which modeled the core. For all sources, excé&f@-2D4 and 2344514,
it was possible to partially resolve the core and obtain amese of its size. For
2155-304 and 2344514 only an upper limit on the 483 GHz core size could be
placed. To distinguish between resolved and unresolvedriesawe have used the
criterium proposed by Kovalev et al. (2005); Lobanov (2005)

4In2,_ SNR
w>BEAM\/ s m—1

where BEAM accounts for a FWHM beam size, SNR is the ratio efdcbmponent
peak intensity to the residual RMS on the map after subtrgdtie source model (this
criterium is also used in Section 5.2). Typical uncertawftthe measured component
size is~ 20% according to the formulas by Lee et al. (2008). Additlynshe size
estimates are model-dependent and maledirom the listed values significantly if
a circular Gaussian shape is not a good approximation ofghkeshape of the core
region.

2Fyll Width at Half Maximum
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Table 2.4: Comparison of the emission region parameters&std from the VLBA
data and SED modeling

Multi-frequency VLBA Published SED model

results (this work) parameters
Name Alias R4z GHz p{i}EBA BYsa Dva® Dsep Rsep Pep  Bsep  Ref.

[10% cm] [G] [10% cm] [G]

0235+164 1050 ®B <11 240

0528+134 1564 1 <12 312

0716+714 293 =049 109 14 40 20 1 @

0827+243 0J 248 4882 (0] <23 131

0851+202  0OJ 287 719 =07 170

1101+384 Mrk 421 108 r < 10° ... 20 3 26 048 2

1219+285 W Comae 468 8 <118 12 20 3 255 035 3)

1226+023 3C 273 850 ] <0.2 17.0 9 20 2 12 4

1253-055 3C 279 1168 a <14 240 215 25 20 18 (5)

1406-076 1642 12 < 2f

1510-089 864 =02 16.7 37 18 19 0.09 (6)

1622-297 1341 =02

1633+383 4C38.41 1291 0] <18 215

1652+398 Mrk 501 279 B <67 L 20 103 2 Qa3 )

1730-130 NRAO 530 3692 B <20 1Q7

1959+650 270 14 <300 o 18 73 2 025 (8)

2155-304 < 356 10 <745 o 32 150 13 0.018 9)

2200+420  BL Lacertae 494 0 <3 73

2251+158 3C454.3 1497 =08 332 26 15 1 54 (10)

2344+514 < 87 12 <57

2 pis the power law index in the electron energy distributié(E) = NoE~P. For the optically thin part of the synchrotron
spectrump = 1 — 2o whereq is defined as, ~ v*. ® The estimates correspond to the parsec-scale radio EcFae
value is in the observer's framé.The homogeneous synchrotron source model is not applifabtich spectrums The
variability Doppler factor from Hovatta et al. (2009) usedtansform the observed magnetic field strength into thecgou
frame." The same Doppler factor as in the corresponding SED modehdasted.

References: 1: Chen et al. (2008); 2: Acciari et al. (2009c)icciari et al. (2009b); 4: Pacciani et al. (2009); 5: Ganii
et al. (2009); 6: Sokolovsky et al. (2010a); 7: Anderhub ef2009); 8: Tagliaferri et al. (2008); 9: Aharonian et a0(®);
10: Bonnoli et al. (2010).

2.2.4 Discussion
Model reliability

The physical parameters presented in Table 2.4 correspaygital values for emit-
ting electrons inside a large area of a few milliarcsecondsize. In all cases, only
an upper limit on the magnetic field strength could be plabedause regions where
the spectral turnover is detected remain unresolved abthest observing frequency
(4.6 GHz). The results are consistent with estimates obtairyed method based
on model-fitting bright VLBI components with Gaussian comenots (Sokolovsky
et al. 2010a). The model-fitting based method is describedetail in Savolainen
et al. (2008) where it was applied to 3C 273 and the averageetiagfield strength
B, ~ 1072 G was obtained for the 8 GHz core region which is comparabsizie to
the region probed in our research. This value is in a goodeageat with our upper
limit at B, < 0.14 G given in Table 2.4.

Electron energy spectrum

The spectra above the synchrotron turnover are nearly flgligitly inverted in core
regions of all sources investigated in this work. This mayutefrom blending of a few
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emitting regions with dferent peak frequencies (an example of such blending may be
found in the core region of BL Lacertae, see the top right parféig. 3 in Sokolovsky
et al. 2010b, see also Savolainen et al. (2008) for 3C 273).

Along the similar lines goes the other possible explanatidhe observed flatness
of the radio spectra above the turnover frequency. It isiptesthat the slab geometry
is inappropriate to describe the parsec-scale core redibere are strong indication
that a more accurate model of the core region is a continutarsdBrd-Konigl type
jet with smooth gradients of physical properties along ia(®@liford & Konigl 1979;
Chapter 4). In this model, the observed spectral index doegefiect the underlying
particle energy distribution directly (due to changing cpaalong the jet) but relates
to it through other model parameters which cannot be easiigttained from observa-
tions. If this is the case, the derived magnetic field stiemgtresponds to the region
where the smooth Blandford-Konigl jet ends due to some kindisruption.

Alternatively, a nearly flat spectrum may imply a hard eneggctrum of the emit-
ting electrons (as may be the case for the component Bl ietloé BL Lacertae whose
spectrum is presented in the lower right panel of Fig. 3 indbmksky et al. 2010b).
The hard electron spectrum idfitult to explain by the conventional first-order Fermi
acceleration mechanism. However, the hard spectrum carodeged by the second-
order Fermi mechanism (“stochastic acceleration”; Vieta& Vainio 2005).

We have placed upper limits &, < 101 G (source frame) on the magnetic
field strength in 15 out of 2Bermiblazars (Table 2.4). Spectra of five blazars could not
be described by the simple homogeneous synchrotron sowdelpand no constraints
on the magnetic field and particle energy spectrum could barmd for these sources.
Hard spectra{0.5 < o« < +0.1, F, ~ v*) observed in the blazar cores above the
synchrotron peak may either indicate a hard energy spedftime relativistic electron
population in the jet or result from significantinhomogeynéof the magnetic field and
plasma parameters or just optical depth) across the egitigion.

Sincey-ray emission in blazars is suggested to originate fromoregispatially
close to the VLBI core (Kovalev et al. 2009), the estimatethefsize, magnetic field
strength and electron energy distribution presented iteTald could be used to con-
strain broad-band Spectral Energy Distribution (SED) n¢@&ee Chapter 3). Simul-
taneously with the VLBA observations described h&wjft X-ray/ultravioleyoptical
target of opportunity observations were performed. Whemhined with theFermi
v-ray data this will provide a unique data set for the SED miodel

2.3 Magnetic field in the parsec-scale core regions of
high core shift radio sources

The spectral analysis technique proposed in Section 2.hlkaseen applied to an-
other multi-frequency VLBA dataset: simultaneous ningyjfrency (14-154 GHz)
observations of “high core shift” sources. These sourcegs baen selected as show-
ing prominent frequency-dependent shift in the observesitipo of the core, and the
observations were originally obtained to investigate #fiisct. A detailed discussion
of the observing program and its results is presented in €hdp

Results of the spectral analysis are presented in TableTh&.spectral turnover
has been detected in the core regions of 12 out of 20 obseowedes. In all observed
sources, the spectral turnover was not detected relialy features downstream of the
core within the investigated frequency range. However iava dases like 1458718
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Table 2.5: Estimated physical parameters of parsec-soads of the “high core shift
sample” sources

Name Alias Ri5GHz p B
[10% cm] [G]

0148+274 < 1557 10 <3.0
0342+147 3562 n <130
0425+048 OF 42 1413 ... no peak
0507179 2346 3 <85
0610+260 3C 154 2271 ... nopeak
0839+187 < 6365 22 <58
0952+179 <1079 13 <68
1004+141 3602 10 <25
1011+250 4517 16 <43
1049+215 2604 ... no peak
1219+285 W Comae 778 ... no peak
1406-076 3795 ... no peak
1458+718  3C 309.1 3282 4 <13
1642+690 1973 5 <16
1655+077 1444 12 <22
1803+784 2287 2 <4.0
1830+285 1352 ... nopeak
1845+797  3C 390.3 360 no peak
2201+315 665 ... no peak
2320+506 3300 13 <0.10

Column designation: Col. 1 — IAU source name (B1950), Col. 2 — commonly used sonaree, Col. 3 — core size
measured at 18 GHz, Col. 4 s the power law index in the electron energy distributit(E) = NoE~P. For the
optically thin part of the synchrotron spectrym= 1 — 2o wherea is defined a$-, ~ v*. Col. 5 — upper limit on the
magnetic field strength (observer’s frame).

the presence of the spectral turnover close to the lowestaing frequency (¥ GHz)
might be suspected in the brightest jet features.

The upper limits on the core magnetic field strength valuekainie 2.5 are given
in the observers frame because, for most of the sourcesliablesestimations of the
Doppler factor are available in the literature. The Dopféetor value together with
redshift of the source are needed to compute the magneticstiedngth in the source
reference frame (Section 1.3.2). Also, for the majority lod sources no report of
dedicated SED modeling could be found in the literature.

Table 2.5 also presents estimates of the core size obtatrtbd ighest observ-
ing frequency (153 GHz). The size estimation technique was the same as dedcrib
in Section 2.2.3. Cores of only three (0454, 0839187, 0952-179) out of 20
observed sources have remained unresolved 4t @5z according to the criterium
of Kovalev et al. (2005); Lobanov (2005). As expected, theecgizes measured at
15.4 GHz (Table 2.5) are typically larger than those measurd@.atGHz (Table 2.4).

Two sources, W Comae and 14d®76 have been observed both as part of the
“high core shift” sample (41—154 GHz observations) and “brightray blazars” sam-
ple (observed in £-432 GHz range). In both cases the spectral turnover could not be
detected in the first experiment, but was successfully nrtedsa the second. The spec-
tral turnover in W Comae was found at frequengy. ~ 21 GHz, while in 1406076
it is aroundvpeak = 14 GHz. In both cases the estimated source size dtGbiz is
larger then at 42 GHz which is expected due to opacitfexts.
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2.4 Chapter summary

In this chapter we propose a novel technique of spatiallplvesl spectrum recon-
struction from simultaneous multi-frequency VLBI obséivas. The technique has
been applied to 38 sources observed with the VLBA in the @ofgwo programs:
“high core shift” sample (nine frequencies iM4+154 GHz range) and “brighg-ray
blazars” sample (seven frequencies i6-4132 GHz range). The spectral turnover at-
tributed to synchrotron self absorption has been detentpdrisec-scale core regions of
27 sources which allowed to constrain the magnetic fieldhgtreand particle energy
spectrum in these regions. We have placed upper limi8,0k 10-10¢ G (source
frame) on the magnetic field strength in these sources (Zablend 2.5). Hard spectra
(-0.5 < a £ +0.1, F, ~ v*) observed in the blazar cores above the synchrotron peak
may either indicate a hard energy spectrum of the relativéctron population in the
jet or result from significant inhomogeneity (of the magoétld and plasma parame-
ters or just optical depth) across the emitting region. 8peaxf 11 blazars could not be
described by the simple homogeneous synchrotron sourcelma@ no constraints
on the magnetic field and particle energy spectrum could bedredd for these objects.

Estimations (or in five cases — upper limits) of the core s& lbeen obtained for
the observed sources. These results provide constraifiigpar emission models.

Sincey-ray emission in blazars is suggested to originate fromoregispatially
close to the VLBI core (Kovalev et al. 2009), the estimatethefsize, magnetic field
strength and electron energy distribution presented iteT2ld could be used to con-
strain broad-band Spectral Energy Distribution (SED) n{&ee Chapter 3). Simul-
taneously with the VLBA observations described h&wijft X-ray/ultravioleyoptical
target of opportunity observations were performed. Whemhined with theFermi
v-ray data this will provide a unique data set for the SED miadelWe also plan to
apply the Gaussian component-based method (Savolain&r2808) to extract spec-
tral information from the data described in this chapterrideo to take advantage of
the method’s superior angular resolution. It would be intgairto extend the compar-
ison of CLEAN component-based and Gaussian componentimasthods presented
in Sokolovsky et al. (2010b) to all the observed sources.
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Chapter 3

Individual blazars across the
electromagnetic spectrum

Blazars are the class of AGN which show signs of extremeividtit beaming. This
class includes BL Lacertae-type objects and Flat SpectradidRQuasars (FSRQ).
Blazars are characterized by intense non-thermal radiatiooss all the electromag-
netic spectrum from radio tg-rays.

Fermi Gamma-ray Space Telescope (FGST) is the new orbital oliseywahich
is watching they-ray sky since June 2008. The main instrumerf@imiis the Large
Area Telescope (LAT), a pair conversion telescope desigmedver the energy band
from 20 MeV to greater than 300 GeV. TRermjLAT is providing a unique combi-
nation of high-sensitivity in this still poorly explored ergy range and a wide field of
view of about 60. The Fermiis operated in the all-sky survey mode for most of the
time which makes it an ideal hunter for flaring blazars whidmihate extragalactic
y-ray sky.

While with its unprecedented sensitivity and broad eneayecage théermyLAT
has practically opened a new window in the worldyefay variability and spectral
behavior of blazars it was well realized even before the daunf Fermi that in or-
der to take full advantage of these new data, jtfray observations need to be sup-
ported by simultaneous observations in other bands. Thiswawnelength approach
to blazar studies appears to be our best hope to understartchniems and locations
where blazaw-ray radiation is generated and to understand the blazargphenon as
a whole.

Coordinated observations across the entire electromiagpatctrum from radio to
GeV and sometimes (see Section 3.4) TeV energies togettiethve subsequent data
analysis and theoretical interpretation of the resulta isxraordinary gort requiring a
team work of many, sometimes hundreds of people. In theviiig sections a special
effort will be made to highlight the author’s contribution tockaobserving campaign
while, whenever possible, a reader will be directed to theesponding publications
for the full description and interpretation of the campaigsults.

In this chapter we present results of multi-frequency VLB#servations of five
blazars (3C 454.3, BL Lacertae, PKS 15089, Mrk 421, Mrk 501) and discuss
them in the context of their broad-band emission acrossldatremagnetic spectrum.
The results of this work are presented in Abdo et al. (2016a}y Sokolovsky et al.
(2010a); Vercellone et al. (2010).
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3.1 VLBI radio behavior of 3C 454.3 during its 2008
activity period

The Flat Spectrum Radio Quasar 3C 454.3 (FSR@, 0.859 Jackson & Browne
1991) was seen blermi as the brightesy-ray source in the extragalactic sky right
after its launch. The source has shown a remarkably bugiaty flare in August—
September 2008 (e.g. Vercellone et al. (2010)) which wagassed only by its own
following flares in December 2009, April and November 2010ewlit reached the
flux (E > 100 MeV) of 56+ 4 x 107 ph cnt? s71, representing the highest daily
flux of any blazar ever recorded in high-energy gamma-ray@itA#3041, #3041,
#3049,Ackermann et al. 2010; Pacciani et al. 2010). Durvig time 3C 454.3 was
brighter then Vela pulsar — the brightest Galactic Me¥ay source. Naturally, all these
flares were closely followed by many ground- and space-baiseervatories across the
electromagnetic spectrum.

The results described in this section were partly reporyeddiocellone et al. (2010)
in the framework of the 2007—2008GILE observing campaign on 3C 454.3. The
results are expected to be covered in greater detail in thergan the 2008 activity of
3C 454.3 which is currently being prepared within BegmjLAT collaboration.

The 2008 flare of 3C 454.3 became the first opportunity to sindietail the re-
lation betweeny-ray activity of a blazar and changes in its parsec-scalghaogy
traced by high-frequency VLBI observations. This was madssible thanks to the
43 GHz VLBA monitoring program of bright blazars performeg the Boston Uni-
versity group Jorstad et al. (2010) and four epochs®43 GHz VLBA observations
performed within our program.

We have observed 3C 454.3 with the Very Long Baseline ArrdyBA) simulta-
neously at seven frequenciesg45.0, 81, 84, 154, 238 and 432 GHz) in the frame-
work of our survey of parsec-scale radio spectra of twentyrga-ray bright blazars
(Sokolovsky et al. 2010a,b; Section 2.2). The source wasrgbd at four epochs dur-
ing the decline phase of its gamma-ray activity: on Septer@Be05, October 02 and
23, 2008. On October 02 a “deep” observation was conductddhion-source scans
(each 4 - 7 minutes long depending on frequency) spread okieuss. This resulted
in high-quality images with the dynamic range up to 1:80001&4 GHz). At the
three remaining epochs 3C 454.3 was observed as a califoatther sources in the
survey with only 2 scans on it separated by about 3 hours. Mervdue to the high
radio brightness of the source parsec-scale emission,se@nshort observations are
suficient to reconstruct images with dynamic range up to 1:326@(GHz).

The data reduction was conducted in the standard manney teiIPSpackage
(Greisen 1990). A special procedure was developed andadilio improve amplitude
calibration of the correlated flux density resulting-ir% calibration accuracy at@-
154 GHz range and- 10% accuracy at 28 and 43 GHz. TheDifmap software
(Shepherd et al. 1994) was used for imaging and modelingeafwtdata. The bright-
ness distribution of the source has been modeled with a nuafl@ércular Gaussian
components which were visually cross-identified acrosslepand frequencies. The
uncertainties of the model component parameters were astihfollowing Lee et al.
(2008).

Figures 3.1 and 3.2 show total intensity VLBA images of 3C .35t the high-
est (432 GHz) and lowest (4 GHz) frequency of our observations. The spectral
index map of the source covering the intermediate freqesrafiour observation (8-

1The Astronomer’s Telegrankittp: //astronomerstelegram.org/
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154 GHz) is presented on Fig. 3.3. While a645Hz the source shows a bright ex-
tended jet, at 42 GHz the source structure is dominated by the bright compaet
and may be represented reasonably well by only three Gawussiaponents (Fig. 3.1,
Table 3.1). It is evident from Fig. 3.1 that changes in thespaiscale structure of the
source during its 2008 activity period are confined to thecegion.

3
2251+158 2008-09-02 @ 43.2 GHz 2251+158 Y 2008-09-05 @ 43.2 GHz

Relative Declination (marcsec)
Relative Declination (marcsec)

Relative Right Ascension (marcsec) Relative Right Ascension (marcsec)

(@) (b)

2251+158 2008-10-02 @ 43.2 GHz 2251+158 2008-10-23 @ 43.2 GHz

Relative Declination (marcsec)
Relative Declination (marcsec)

Relative Right Ascension (marcsec) Relative Right Ascension (marcsec)

(©) (d)

Figure 3.1: Total intensity VLBA images of 3C 454.3 at.235Hz at four epochs
covered by our multifrequency observations. Image detailka — peak 24 Jybeam,
first contour 0030 Jybeam; 3.1b — peak 28 Jybeam, first contour.030 Jybeam;
3.1c — peak 2 Jybeam, first contour.015 Jybeam; 3.1d — peak 16 Jybeam, first
contour 0020 Jybeam. Contours are a factor of 4 apartin all cases. The bealottisd

in the lower left corner of each image. Green circles repre&aussian components
used to model the 42 GHz brightness distribution of the source.
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Table 3.1: Parameters of the core and jet components of 3G 45432 GHz

Component R (mas) PA FWHM (mas) Flux (Jy) SNR Tp
2008-09-02= JD 2454711.8

Co00 Q000+ 0.000 Q0+0.0 0060+0.009 24676+0918 13979 6.6x 10

co1 0111+0.019 -1065+9.9 0200+0.038 2427+0.297 1025 58x10°

Cco2 1089+ 0.254 -951+131 0857+0507 0562+0.314 41 73x10%
2008-09-05= JD 2454714.8

Co00 Q000+ 0.000 Q0+0.0 0068+0.013 24536+1601 4420 51x10*%

Cco1 0115+ 0.036 -1037+17.6 0.218+0.071 2082+ 0.508 236 4.2x10°

Cco2 Q967+0.555 -947+299 0850+1110 Q714+0.895 12 94x10%Y
2008-10-02= JD 2454741.7

Co0 Q000+ 0.000 00+00 0063+0.011 21909+0916 1109 52x10!

Cco1 0140+ 0.021 -1157+87 0171+0.042 2082+ 0.287 877 68x10°

C02 1104+ 0290 -979+147 0881+0580 Q489+ 0.302 34 6x 1007
2008-10-23= JD 2454762.7

Co00 Q000+ 0.000 0Q0+00 0071+0.013 16165+0.874 6534 3x 101

co1 0145+ 0.023 -1168+9.2 0176+0.045 2060+ 0.319 672 6.4x10°

Co02 1033+ 0.332 -916+178 0856+0.663 0502+ 0.367 26 6.6x 107

Column designation: Col. 1 — component nhame, Col. 2 — distance from the core inariBeconds, Col. 3 — Position Angle (PA) measured Northutiin East in
degrees, Col. 4 — FWHM size of the component in milliarcsespCol. 5 — component flux in Jansky. Col. 6 — Signal-to-N¢&eR) ratio of the component,
Col. 7 Ty is the brightness temperature in K.
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Figure 3.2: Total intensity VLBA image at@GHz. The first contour is.002 Jybeam,
factor= 4. The beam is shown in the lower left corner of the image.

In order to trace changes in the core region of 3C 454.3 dutingeriod ofy-
ray activity we have combined our four epochs of4&Hz observations with the
data of the Boston University group (Jorstad et al. 2010k ddlibratecuv-data were
downloaded from the group’s web p&gend modeled irDifmapin the same way as
data from our own VLBA experiments presented in Table 3.1thinfollowing, the
core will be referred to as “C00”, the first jet component atidu5 mas from the core
as “C01" and the weak and extended component 1 mas from teeéscorarked “C02".

Fig. 3.4 presents the lightcurve of the 43 GHz core (“C00 #re first jet compo-
nent “CO1". It is evident that while the core shows huge flurglly changes, the flux
of “C01” remains roughly constant. The peak of the core flug wlaserved on Septem-
ber 10, 2008, the same day as one of the secondary peaks)efdlgdightcurve.

Fig. 3.6 shows the separation of the component “C01” from dbee (“C00")
as a function of time. The linear fit to the data indicate thenponent speed of

0.130+ 0.017 magyear= 6.1 = 0.8 ¢ and the epoch of zero separation between C00

2http://www.bu.edu/blazars/VLBAproject.html
3See theFermjLAT public lightcurve athttp://fermi.gsfc.nasa.gov/ssc/data/access/lat/
msl_1lc/
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Figure 3.3: Spectral index map constructed by fitting a pdeserto observations at
three frequencies:.8, 84 and 154 GHz. Contours represent total intensity &t GHz.
Contour map peak 6.442 Jybeam, first contour.Q% of the peak. Beam FWHM
=2.12x 1.05 mas at PA= —4:64.

and C01 JD2454378 46" (September 26, 2007). Fig. 3.5 shows the size evolution of
the component and the core. The component C0O1 is steadilgasing its size as it
moves away from the core while the core size shows no majorges It is interesting

to note that CO1 appears to be moving along a curved traje(fay. 3.7).
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Figure 3.4: Lightcurve of the 43 GHz core of 3C 454.3 (mark€@0”) and the first
jet component “C01" about.@5 mas away from the core.

045 T T T T T T T T

Co00 >|—0—<
Co1
04 + B

0.35 -

0.25 b

0.2 -

Size [mas]

0.15 i

o.os—i‘}{'ﬁiiE iii% }}

0 1 1 1 1 1 1 1 1 1
4600 4650 4700 4750 4800 4850 4900 4950 5000 5050 5100

JD - 2450000.0

Figure 3.5: Size of the first jet component (C01) and the cG@Df as a function of
time.
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Figure 3.6: Separation of the component “C01” from the ct@90") of 3C 454.3 as
a function of time. The blue line represents the least sdfitatrethe data.
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Figure 3.7: Position Angle (PA) of the component CO1 withpesd to the core.
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Overall, the analysis of the 43 GHz data indicates that threguascale core of
3C 454.3 may be directly related to ifsray activity (as indicated by the observed
coincidence of the lightcurve peaks of the core and/thay source). At the same time,
the first jet component located justl0—Q15 mas from the core shows only gradual
changes of its properties (size, flux, trajectory) whichsitteseem to be related with
they-ray activity of the object. The estimated ejection epocthefcomponent predates
the 2008y-ray flare considered here. This allows us to conclude tleabbserved jet
component CO1 is not related to the flare. The flare has oaturihe much smaller
spatial region comparable or less then the 43 GHz core sif0g mas= 0.46 pc).

Finally, on Fig. 3.8 we present the radio spectrum of the obtained in the course
of our four-epoch multifrequency observations. The speuotrs highly inverted in-
dicating synchrotron self-absorbed region, however, gleesal index does not reach
the value ofo = 2.5 expected for an optically-thick homogeneous synchrosiaurce
indicating that the core is either inhomogeneous or is l#dnith one ore more com-
ponents which still can not be resolved.
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Figure 3.8: Core spectrum of 3C 454.3.

Table 3.2: VLBA flux measurements of 3C 454.3

Band Frequency (GHz) Total Flux (Jy) Core Flux (Jy)
2008-09-02= JD 2454711.8

C 4.6085 9369 3412
C 5.0035 9596 3278
X 8.1085 10222 5390
X 8.4295 10825 5686
Ku 15.3655 15110 12595
K 23.8045 19255 17141

59



Q 432175 27652 27103
2008-09-05= JD 2454714.8
C 4.6085 9615 3662
C 5.0035 9580 3786
X 8.1085 10432 5686
X 8.4295 10886 6031
Ku 153655 15772 13195
K 23.8045 19652 17710
Q 432175 27602 27510
2008-10-02= JD 2454741.7
C 4.6085 9628 3395
C 5.0035 9673 3557
X 8.1085 10835 6049
X 8.4295 11301 6485
Ku 153655 15889 13105
K 23.8045 19429 17491
Q 432175 24741 23992
2008-10-23= JD 2454762.7
C 4.6085 9663 3683
C 5.0035 9674 3901
X 8.1085 10794 8787
X 8.4295 11153 6262
Ku 153655 14227 11697
K 23.8045 16024 14259
Q 432175 18596 18225

3.2 Multifrequency VLBA view of BL Lacertae during
the Fermicampaign

This section describes the results of multifrequency VLBAervations of BL Lacertae
which were contributed to thBermi multifrequency campaign. The paper with the
detailed discussion of the campaign results has recendiy bebmitted to ApJ (Abdo
et al. 2010d).

3.2.1 General properties

BL Lacertae (BL Lac) is the prototype of the BL Lac type of aetigalactic nuclei
(AGN). Together with Flat Spectrum Radio Quasars (FSRQ)..8t-type objects form
the class of blazars, famous for their ability to radiateoasithe entire electromagnetic
spectrum, from radio to TeV energies. BL Lacs are distinggisfrom FSRQs mainly
on the basis of their optical spectrum which typically lask®ng emission lines. How-
ever, the prototype of the class — BL Lacertae itself has shadwving several epochs
broadH, andHg emission lines with luminosity~ 10** erg s) comparable to those
of type | Seyfert galaxies Corbett et al. (2000, 1996); Varlae et al. (1995). There
is evidence for an increase by 50% in ten years of the broad, line and an un-
derluminous broad line region (BLR), compared to other AGdo et al. 2010d).
The narrow lines and radio luminosities of BL Lac match thofef low-excitation
and miniature radio galaxies (Capetti et al. 2010). Longtexdio-optical flux density
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monitoring and several multiwavelength campaigns have loaeried out on BL Lac
providing very complete datasets, for example Bloom et E97); Bottcher et al.
(2003); Madejski et al. (1999); Marscher et al. (2008); &aiet al. (2009); Ravasio
et al. (2003); Sambruna et al. (1999); Villata et al. (2002Q2). Following results of
past multifrequency campaigns, possibléatient VLBI jet structures are assumed to
contribute, sometimes with delays, to the radio flux denlgiiyt curves, and some-
times are suggested to be responsible for optical to ek flares (Bach et al. 2006;
Marscher et al. 2008).

3.2.2 Results 0643 GHz VLBA observations

BL Lac was observed with the Very Long Baseline Array (VLBA)sgven frequen-
cies (46, 50, 81, 84, 154, 238 and 432 GHz) in the framework of a survey of
parsec-scale radio spectra of twemtyay bright blazars (Sokolovsky et al. 2010a,b).
The multifrequency VLBA observation was carried out on 2@¥ptember 2. The
data reduction was conducted in the standard manner usifgRspackage (Greisen
1990), see Section 2.2 for the full description of the obsgrprogram and calibration
procedures. The final amplitude calibration accuracy isnesgéd to be~ 5% at 46—
154 GHz range and 10 % at 238 and 432 GHz. TheDifmap software (Shepherd
1997) was used for imaging and modeling of the visibilityadat

The VLBA images (Fig. 3.9 and 3.10) reveal a wide, rather simoourved jet
extending~ 50 mas (at 5 GHz) south-east from the bright compact corewAdfstinct,
bright emission features aligned along the south—soust-giection can be seenin the
inner jet at higher frequencies. We have modeled the obddmightness distribution
with a small number of model components having two-dimemsiGaussian profiles.
The core region (i.e., the bright feature at the north endhefjét) is elongated in the
43 GHz image and can be modeled by two Gaussian componeatasspby @5 mas
(0.32 pc projected distance). At a distances &frhas and 3 mas from the core, there
are two other distinct emission features in the jet. A taiskinlg the parameters of the
jet features (“components”) can be found in Sokolovsky et24110b).

The inner 025 mas part of the jet (i.e., the “core”) may contain two (orr@)o
distinct emission features or it may be a continuous enmmsségion. The angular
resolution even at 43 GHz is notfigient to distinguish between these possibilities.
However, it is evident that the radio spectrum is changingathis region and it cannot
be described by a single, uniform, self-absorbed, synadmamitting component. A
turnover caused by the synchrotron self-absorption isctiedein the averaged core
spectrum at a frequency ef12 GHz (an average over the whole area with the negative
spectral index at Fig. 3.10). Due to the inhomogeneity, tmeimost component at
mm-wavelengths has most likely even higher turnover fraque> 40 GHz. Using
the method described in Sokolovsky et al. (2010b), the miagfield, B, of the core,
in the frame of the relativistic jet, can be constrainedegithe Doppler factotD =
(T[1 = Bcosh]) L, wherel' = (1 — 82)~Y/? and@ here are the bulk Lorentz factor and
jet angle to the line of sight, respectively. Assuming a DOepfactorD = 7.3 Hovatta
et al. (2009), an upper limit can be placed on the magnetid figbngth in the core:
B < 3 G. We note that this upper limit corresponds to a typical@across an extended
and inhomogeneous region contributing the bulk of the radnission in 46-43 GHz
range. The magnetic field strength can exceed the aboveldoatly or in a more
compact regions hidden from sight in the observed frequeange by synchrotron
opacity.
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Figure 3.9: Inner jet of BL Lacertae as observed by the VLBASaptember 02, 2008. Images dtelient frequencies are shifted by 8 mas in relative
Right Ascension. For the 14 238 and 432 GHz image map peaks are6®, 152, 132 Jybeam, first contours are7D, 300, 500 mJybeam
respectively. The contour levels are increased by a fa¢t®r Beam size (natural weighting) for each frequency isaatkd by the cross to the left of
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Figure 3.10: Spectral index map,(~ v~%, a is shown in color) of BL Lacertae con-
structed using VLBA observations a64 5.0, 81 and 84 GHz. The overlaid contours
represent total intensity at8GHz (the peak intensity is. 15 Jybeam, the first con-
tour is Q70 mJybeam, the beam size is5F x 1.22 mas at PA= 104). The spectral
index map was smoothed by a median filter with radius equdieartdicated beam
size. The map shows an optically thin jet with~ 0.7 and the self-absorbed core
region @ < 0.0). A 2D cross-correlation technigue using the opticaliyn tart of the
jet was employed to align images affdrent frequencies allowing reliable extraction
of the spectral information. The spectral steepening tds/éine jet edges visible on
the spectral index map occurs on the angular scale compdtiie beam size and is
likely an efect of the unevenv-coverage at dierent frequencies.

3.3 Multiwavelength observations of PKS 1510089

The results reported in this section were publishe@iAbdo et al. (2010a) which de-
scribes thd=ermi multiwavelength campaign ar{d) Sokolovsky et al. (2010a) which
presents a single-epoch quasi-simultaneous SED of thesobtained by us outside
the Fermicampaign framework. While the SEDs reported in the aboversagre av-
eraged on dferent timescales( 1 month and- 1 week respectively) they look quite
similar. Itis interesting to compare the models used torilesSED of PKS 1510089

in Abdo et al. (2010a) and Sokolovsky et al. (2010a). Whiléhbmodels provide a
reasonably good fit to the NIR~ray section of the SED, the source of the external
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photons for the External inverse-Compton (EC) process andédnthe location of the
“blazar emission zone” with respect to the central engingésganed in the models are
substantially dferent. Clearly, more simultaneous multiwavelength olet@mus, es-
pecially thouse including emission line monitoring, areded to obtain an accurate
understanding of the emission processes in this source.

3.3.1 General properties

Among blazars, Flat Spectrum Radio Quasars (FSRQ) are tisets characterized
by prominent emission lines in the optical spectra. Thedgkspectral energy distribu-
tion (SED) of a blazar has a two bump shape (Abdo et al. 20 K@&)prding to current
models, the low energy bump is interpreted as synchrotraaséom from highly rel-
ativistic electrons in the blazar jet, and the high energnpis interpreted as inverse
Compton (IC) emission. In FSRQs the IC bump can dominatetbessynchrotron one
by more than an order of magnitude. It is widely believed thahese sources the IC
component is dominated by the scattering of soft photondymed externally to the jet
(Dermer & Schlickeiser 2002; Sikora et al. 1994), rathentbg the synchrotron self
Compton emission (SSC, Ghisellini & Maraschi 1989; Jones.€lt974). In the exter-
nal radiation Compton scenario (EC), the seed photons &lGlprocess are typically
UV photons generated by the accretion disk surrounding lekbhole, and reflected
toward the jet by the broad line region (BLR) within a typidétance from the disk in
the sub-parsec scale. If the emission occurs at largemndistathe external radiation is
likely to be provided by a dusty torus (DT; Sikora et al. 2Q0Q8)this case the radiation
is typically peaked at IR frequencies.

PKS 1516-089 is one of the most actiyeray blazars observed since the launch of
FermiGamma-ray Space Telescope (Abdo et al. 2010a; D’Ammando28H0). This
object has an optical spectrum characterized by promin@gston lines overlying
a blue continuum (Tadhunter et al. 1993) at a redshi# 0.361 (Thompson et al.
1990). Radio images (Marscher et al. 2010b) show a brighg with a jet which has
a large misalignment between the arcsecond and milliaocekscales. Superluminal
velocities up to~ 20 ¢ are observed (Homan et al. 2002; Lister et al. 2009) in the
parsec-scale jet of PKS 151089.

3.3.2 VLBA observations of PKS 1516089

Simultaneous multi-frequency 5-43 GHz VLBA measuremergsewdone on 2009
April 09, in support of the first yedfermiobservations (Sokolovsky et al. 2010a,b).
Accuracy of flux density measurements is dominated by cliton uncertainties: about
or less than 5% at 5, 8, and 15 GHz, about our less than 10% atd?43aGHz. The
full description of the observing program and analysis hégle may be found in Sec-
tion 2.2.

In Fig. 3.11 we present the three highest frequencies Sigkasec-scale images,
from the 5-43 GHz VLBA measurements performed on 2009 AprilThe size of
the bright parsec-scale core at 24 and 43 GHz is estimated &bbut 60-7Qas or
0.3-0.4 pc. The core shows a flat radio spectrum (see Fig) Bd2ative of an inho-
mogeneous synchrotron self-absorbed region, while thievie$ resolved jet feature
is already optically thin with the radio spectral index —0.9 (F(v) « v?).
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Figure 3.11: Stokes | CLEAN images of PKS 151089 observed by VLBA on 2009 April 9, at 15, 24, and 43 GHz. Tdwdst contour and peak
intensity are 0 mJybeam and 47 Jybeam (15 GHz), @ mJybeam and b6 Jybeam (24 GHz), 2 mJigeam and B5 Jybeam (43 GHz). Contours
are plotted with a steg4. Natural weighting of visibility data is used, HPBW bearnesis shown in the lower left corner. Angular size of 1 mas
corresponds to 5 pc.



3.3.3 Quasi-simultaneous SED of PKS 15:®89

To obtain the quasi-simultaneous SED of PKS 15089 (Fig. 3.13) the VLBA Swift
andFermyLAT data collected during two days 2009 April 09 — 10 were ctenented
by UBVR.i photometry obtained on April 12 with the 2.56 m Nordic Optitalescope
(NOT) and infraredJHKg photometry obtained on April 07 and 17 with the 2.1 m
telescope of Guillermo Haro Observatory in Cananea, Mexi€he Submillimeter
Array (SMA) provided flux density measurements at 1 mm fror@2@pril 05 and
14. These observations resulted in the most well-samplediegimultaneous SED
(containing multi-frequency VLBI data) for that source.

UBYV magnitudes of PKS 151089 observed by th8wiffUVOT are systemati-
cally (0"5—-0"3) brighter then those observed by the NOT two days laterceSioth
observations were calibrated against the same set of cisnpatars from Gonzalez-
Pérez et al. (2001), theftitrence can be interpreted as a clear sign of optical inter-da
variability.

Parsec-scale radio emission of PKS 15089 is dominated by a bright unresolved
core (the apparent origin of the jet, see a discussion by dar2008) which exhibits
high-amplitude flux density variability (Marscher et al.1Z@). The parsec-scale core
is a natural candidate to be directly related to the brighialde emission ay-rays
(Kovalev et al. 2009; Marscher et al. 2010b, see also Se8tibrand other bands.

To test the possible relation between the radio core and iy blob im-
plied by single-zone SED models, we have constructed theigiraultaneous SED
of PKS 15106-089 presented in Fig. 3.13. The use of the VLBI core flux dgn(#it
stead of the total flux density obtained by single-dish ratiservations) allows us to
exclude the emission coming from the parsec-scale jet agdrlacales. Our ambition
was to check how this will fiect the SED modeling.

Table 3.3: PKS 1516089 SED model parameters from Sokolovsky et al. (2010a)

Minimum e~ Lorentz factor Ymin =30

Brake Lorentz factor York=1.9x 10°
Maximume~ Lorentz factor Ymax=1.0x 10°

€~ energy slope belowk p.=19

e~ energy slope abovg,k p2=3.9

Doppler factor D=37

Bulk Lorentz factor r=37

Magnetic field strength B=0.09G
Variability time tyar=2.16 x 10* sec
Blob radius R=1.8x10%cm
Jet power (magnetic field) Piet, 5= 2.8 x 10" erg's
Jet power (electrons) Piete- = 7.5 x 10" erg's
Black hole mass Mgn =1 x 10°Mg
Accretion dficiency n=1/12
Eddington ratio Ldisk/Leda=0.06

Blob distance from disk r=51x10"cm

The quasi-simultaneous SED of PKS 15089 (Fig. 3.13) has been modeled by
Sokolovsky et al. (2010a). Contribution from a hot thermainponent, probably the
accretion disk, is evident in the optical and UV bands. ThB 8&he IR toy-ray range
can be explained by the single zone EC model with the Comptatiesed accretion
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Figure 3.12: Spectral index (F(v) « v*) map between 18 and 238 GHz (shown

in color) of PKS 1516089 as observed by the VLBA on 2009 April 9. The overlaid
contours represent total intensity at4&Hz (see Figure 3.11 for details). The spectral
index map was smoothed by a median filter with@as radius.
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Figure 3.13: Quasi-simultaneous SED of PKS 15089 from Sokolovsky et al.
(2010a) constructed using observations with the VLB®jft FermyLAT, NOT, SMA
and the 2.1 m telescope Guillermo Haro. The violet curvedpjasents the combined
SED model: green curve (b) is the synchrotron componentaeid the SSC compo-
nent, blue (d) is the accretion disk and brown (e) reprede@tscattering of the disk
radiation (see also Table 3.3).
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disk photons being responsible for the bulk of the obsemweay emission. In this
model, the blob is close enough to the accretion disk so theetian disk photons
can reach the blob directly, with no need to be scattered back BLR clouds or
dust. Note, that due to relativistic aberration some of flsk& ghotons will be coming
to the blob (nearly) head-on. The photons will primarily aofrom a radius of the
disk of v3r wherer is the blob’s distance from the black hole (Dermer & Schliske
2002). The blob size was constrained by the obsegweay variability time scale of
the order of a few hours (Abdo et al. 2010a). Parameters ahtiael are summarized
in Table 3.3. We note that the model fit presented by Sokolpeslal. (2010a) is not
unique, single-zone models with dldirent source of seed photons could probably also
produce an acceptable fit (cf. Abdo et al. 2010a).

The model constructed by Sokolovsky et al. (2010a) and cepured here on Fig. 3.13
represents well the IR tg-ray data, however it dramatically underpredicts the radio
emission because of the synchrotron self-absorption daguin the small blob at a
high frequency. A significantly larger blob size would bednsistent with the ob-
served variability timescale. Even if the variability tistwale argument were dismissed,
a single-zone SED model with a larger blob would hav@dilties in explaining the
observed hard radio spectrum which is inconsistent witrstifeer X-ray spectrum or
optically thick synchrotron radiation from a uniform soer®©ne way to overcome this
difficulty would be to introduce a second brake in the electromggrepectrum.

Alternatively, one could abandon the attempt to explainthele SED of
PKS 1516-089 with a single-zone model and assume that even the radisiem
observed from the cm-mm band core is coming from a larBegd < R < RyzghHz)
structure downstream of the blob responsible for the IR-tay emission. This struc-
ture (which cannot be observed separately from the blob @lientted resolution of
the available VLBI data) could be a smooth jet (Blandford &nligd 1979) or a num-
ber of distinct jet components (Marscher 1980) — perhapsliites which contributed
to high-energy emission earlier... One could argue thatatly this extended region
does not contribute significantly to the optical anday emission on the basis of the
observed short timescale variability in these bands. A rdetailed SED modeling is
needed to test this scenario. Especially, the relationéatvactivity in the parsec-scale
radio core observed in many sources (Section 3.1; Jorstald 2010, 2001; Kovalev
et al. 2009; Pushkarev et al. 2010) including PKS 15189 (Marscher et al. 2010b)
would require an explanation in such models. This is culyemte of the central prob-
lems with blazar studies across the electromagnetic spactiThis situation of SED
model not being able to reproduce the observed radio emissiof course, not con-
fined to PKS 1510089, but is actually quite common (Bianchin et al. 2009; Buedr
2010; Collmar et al. 2010 are just a few examples).

3.4 VLBA view of TeV blazars Mrk 421 and Mrk 501

This section summarizes the results of 5-43 GHz VLBA obd&ma in the context
of Fermi multiwavelength campaigns on two nearby BL Lac type objeisk 421
(z = 0.031 Gorham et al. 2000) and Mrk 504 £ 0.033 Stickel et al. 1993). Since
these two objects are so close to us, the flux measurements B, \éspecially the
ones corresponding to the core, provide us with the radiodknsity from a region
that is presumably not much larger than the blazar emisegion (Abdo et al. 2010c).
They are expected to be close upper limits to the radio contmof the blazar emission
component.
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Imaging Atmospheric Cherenkov Telescope (IACT) arrays M@%and VERI-
TAS® have participated in these tweermi campaigns. Quasi-simultaneous SEDs of
unprecedented quality covering radio to TeV energies haen lwbtained for these
sources. The results will be discussed in detail in two papErently submitted to ApJ
Abdo et al. (2010b,c).

The VLBA data reduction was conducted in the similar fast@emescribed in the
previous sections. The onlyftgrence is that for the data used in these campaigns
andX-band data were not split into two sub-bands, instead, afllfés were combined
to get a single image for each band. Integrated over parsdessflux values were
obtained by summing all components of the CLEAN model. The diuors are dom-
inated by the uncertainties in the VLBA amplitude calibvatend are- 5% for C, X
andK, bands~ 10% forK andQ bands.

Core flux was obtained by modeling the core region at eachuéecy with a cir-
cular Gaussian component. Flux corresponding to the egtéjet of Mrk 501 was
CLEANed because it could not be adequately fitted with migitqgd Gaussian compo-
nents. The jet of Mrk 421 on the other hand was successfullyetea with a series
of circular Gaussian components. Uncertainties in modetiay introduce additional
error in the core flux measurements compared to uncertsiimtithe total flux. The
results of total parsec-scale and core flux density measumesnfor the two sources are
presented in Table 3.4. The radio spectrum of Mrk 501 is pteskeon Fig. 3.14.

Table 3.4: VLBA flux measurements of Mrk 421 and Mrk 501

Band Frequency (GHz) Total Flux (Jy) Core Flux (Jy)

Mrk 421
2009-04-22= JD 2454943.6
C 4.8060 0369 0251
X 8.2690 0343 Q247
K, 15,3655 0324 Q247
K 23.8045 0299 0233
Q 432175 0267 0223
Mrk 501
2009-05-15= JD 2454966.8
C 4.8060 1131 0674
X 8.2690 1118 0664
Ky 15.3655 0938 0629
K 23.8045 0789 0548
Q 432175 0615 Q427

The core of Mrk 421 is partially-resolved by our observasi@tcording to the
resolution criterium proposed by Kovalev et al. (2005) amtbanov (2005) (see Sec-
tion 2.2). The VLBA core size was determined with two-dimensl Gaussian fits to
the measured visibilities. The FWHM size of the core waswstizd to be in the range
0.06—012 mas at the highest observing frequencies: 15, 24 and 43 Bailz the total
and the core radio flux densities from the VLBA data are shawrable 3.4.

The size of the VLBA core in the 2009 data from Mrk 421 at 15 GiHd 43 GHz
is 1-2x 10" cm (using the conversion scale 0.6)/mas). The VLBA size estima-

‘http://wwwmagic.mppmu.mpg.de/
5http://veritas.sao.arizona.edu/
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Figure 3.14: The VLBA spectrum of Mrk 501: 3.14a — integrapaaisec-scale spec-
trum, 3.14b — core spectrum.

tion is the FWHM of a Gaussian representing the brightnesssilolition of the blob,
which could be approximated a®Gimes the radius of a corresponding spherical blob
(Marscher 1983). That implies that the size of the VLBA caeomparable (factor
2—4 larger) to that of the blob derived from the SED model Abtlal. (2010c). There-
fore, it is reasonable to consider that the radio flux derfsityn the VLBA core of
Mrk 421 is indeed dominated by the radio flux density of thezbtaemission. Forth-
coming multi-band correlation studies (in particular VLE#Ad SMA radio with the
v-rays fromFermyLAT) will shed light on this particular subject (Abdo et aD20c).

The estimated size of the partially-resolved VLBA core ofkMiO1 at 15 GHz
and 43 GHz is 14-018 mas= 2.9-37 x 10' cm (with the appropriate conversion
scale 067 pdmas). The VLBA size estimation again is the FWHM of a Gaussian
representing the brightness distribution of the blob, Wwhiould be approximated as
0.9 times the radius of a corresponding spherical blob (MamstB83). That implies
that the size of the VLBA core is only a factor 2—3 larger thla@ ¢mission region in
the SSC model fit by Abdo et al. (20106 € 1.3 x 10" cm).

3.5 Chapter summary

In this chapter we have presented results of multi-frequeAdBA observations of
3C 454.3, BL Lacertae, PKS 152089, Mrk 421, and Mrk 501 in the context of their
broad-band emission across the electromagnetic spectfuBl. data provide impor-
tant constraints on the size, radio spectrum, magneticdtedthgth and particle energy
distribution of the blazar emission zone. The obtained taimgs were either directly
used in the SED modeling (3C 454.3, BL Lacertae, PKS BB9) or found consis-
tent with the modeling results (Mrk 421, and Mrk 501). Despitie initial success,
clearly, more work needs to be done to fully incorporated Yiésults into existing
blazar emission models.
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Chapter 4

A VLBA survey of the core shift
effect in AGN jets

The dfect of a frequency dependent shift of the VLBI core positiknofvn as the
“core shift”) has been predicted more than three decadesiagdas since been ob-
served in a few sources, but often within a narrow frequeatgge. This ffect has
important astrophysical and astrometric applications.orher to achieve a broader
understanding of the core shifffect and the physics behind it we have conducted a
dedicated survey with NRAO's Very Long Baseline Array (VLBAVe have used the
VLBA to image 20 pre-selected sources simultaneously & figquencies in the.4—
154 GHz range. The core position at each frequency was meabyregferencing
it to a bright, optically thin feature in the jet. A significaoore shift has been suc-
cessfully measured in each of the twenty sources obsenresicdre position:, as a
function of frequencyy, is found to be consistent withra o< v~ law. Such behavior
is predicted by the Blandford & Konigl model of a purely synatron self-absorbed
conical jet in equipartition. No systematic deviation frdine power law index in the
r<(v) relation has been convincingly detected. We concludenbdher free-free ab-
sorption nor gradients in pressure grddensity in the jet itself and in the ambient
medium surrounding the jet play a significant role in the sesrobserved within the
1.4-154 GHz frequency range. These results support the intetfmetaf the parsec-
scale core as a continuous Blandford-Konigl type jet wittosth gradients of physical
properties along it.

The results described in this chapter are described in {hergaibmitted to A&A(Sokolovsky
et al. 2010d).

4.1 Introduction

In VLBI images of relativistic AGN jets the “core” is the mastmpact feature near the
apparent base of the jet. It is identified with the surfacetdtiwthe optical depth, ~

1 (photosphere) in a continuous jet flow with gradually chiagghysical properties
(Blandford & Konigl 1979). The position of this surface isumttion of the observation
frequencyy, and the exact form of this function depends on the absarptiechanism.
The above interpretation of the core is supported by therghgen of the “core shift”
effect (e.g., Kovalev et al. 2008b; Lobanov 1998b; Marcaide. €ta85; O’Sullivan &
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Gabuzda 2009; Zensus et al. 1995) and the related incredBe apparent core size
towards lower frequencies (Unwin et al. 1994; Yang et al.8)00

An alternative interpretation of the VLBI core as a standétgck in the jet was
discussed by Marscher (2006a, 2008). This interpretatiap be relevant for high-
frequency observations of some sources. The standing shodkl does not predict a
shift of the apparent core position with frequency unless i@sorts to an assumption
that there is a series of multiple standing shocks afieérdint shocks are observed as
the core at dterent frequencies. In some objects the core could be a regiane
the jet bends such that it is more aligned with the line of sigading to an increased
Doppler beaming factor relative to jet regions further vgetn (Marscher 2006a). It
has even been discussed sometimes, that the radio core iag part of the jet at all
(e.g. Bell & Comeau 2010; Falcke et al. 2001).

The most likely absorption mechanism acting in the compeictsj synchrotron
self-absorption (Konigl 1981). If the jet is freely expangliand there is an equiparti-
tion between the particle and magnetic field energy desstitie positiorr(v) of the
7, = 1 surface will ber,(v) « v~k where the coicientk = 1. If the above assump-
tions do not hold (e.g., synchrotron self-absorption is thetdominating absorption
mechanism) we can expect dfdrent dependency of(v).

Investigation of the core shiftfiect is important to gain deeper understanding of
the structure and physical conditions in ultracompact A@ts.j It may also provide
information about the pressure and density gradients inemimedium surrounding
VLBI-scale jets — the broad-line region (BLR) and the innartpf the narrow-line
region (NLR) (e.g., Lobanov 2007). The impact of theet on the interpretation of
current and future radio Very Long Baseline InterferoméWiBl) astrometric mea-
surements has been discussed by Porcas (2009); Rioja 20@b)( The core shift is
expected to introduce a systematitsets of approximately.0 mas between the opti-
cal (6000 A) and radio (8 GHz) positions of reference extiagj sources (Kovalev
et al. 2008b), which needs to be taken into account for atevadio—optical reference
frame alignment in the era of modern space-based astrameissions (Lindegren
2007) such as GAIA (Perryman et al. 2001) and for accurateespaft navigation
with VLBI (e.g., Hildebrand et al. 1994; Pogrebenko et al020Sekido et al. 2004).

In this Chapter, we present observational results from &dezt nine frequency
(1.4-154 GHz) VLBA survey of the core shiftfiect in 20 compact extragalactic radio
sources. The selection of targets, the VLBA observationgebur data reduction
strategy and the core shift measurement technique areilgedén Section 4.2. In
Section 4.3, we discuss the results and their implicationhfie dominating absorption
mechanism in the core region. Section 4.4 presents a bmefnsury of this work.

4.2 VLBA observations

4.2.1 Sample selection

A blind survey for sources with measurable core shifts wdaddan extraordinarily
time consuming project because it requires performing kanaous multi-frequency
high resolution, high dynamic range VLBI observations. rEfiere, we turned to an
existing large-scale geodetic VLBI database in order to firmmising candidates for
the survey. Kovalev et al. (2008b) have imaged and analyZ&dsaurces from the
Research and Development VLBA program (RDV, see Fey & Ch&a#67 and Petrov
et al. 2009) observations made in 2002—2003. RDV expergrianblve simultaneous
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Table 4.1: The high core shift source sample observed wittvttBA

Name Alias R.A. (J2000) Dec. (J2000) z Optical class  VLBA@&po
0148+274 01:51:27146174  +27:44:4179363 126 QSO 2007-03-01
0342+147 03:45:06116545 +14:53:4955818 1556 Qso 2007-06-01
0425+048 OF 42 04:27:4370531 +04:57:0832555 0517 AGN 2007-04-30
0507179 05:10:0369133  +18:00:4158160 0416 AGN 2007-05-03
0610+260 3C 154 06:13:5039161 +26:04:3671971 0580 QSO 2007-03-01
0839+187 08:42:0994175 +18:35:4099050 1272 Qso 2007-06-01
0952+179 09:54:5@823616 +17:43:3122204 1478 QSO 2007-04-30
1004+141 10:07:41498089 +13:56:2960070 2707 QSO 2007-05-03
1011+250 10:13:53128771  +24:49:1644062 1636 QSO 2007-03-01
1049+215 10:51:4889077 +21:19:5231374 1300 Qso 2007-06-01
1219+285 W Comae 12:21:3@90524  +28:13:5850011 01610 BL Lac 2007-04-30
1406-076 14:08:56181198 —07:52:2666661 1493 Qso 2007-05-03
1458+718 3C 309.1 14:59:0883927 +71:40:1986646 0904 QSO 2007-03-01
1642+690 16:42:0848505 +68:56:3975639 0751 QSO 2007-04-30
1655+077 16:58:0911464 +07:41:2754034 0621 QSO 2007-06-01
1803+784 18:00:4%83905 +78:28:0401839 0680 QSO 2007-05-03
1830+285 18:32:50185622  +28:33:3595514 0594 QSO 2007-03-01
1845+797  3C 390.3 18:42:0889895 +79:46:1712825 0056 AGN 2007-06-01
2201+315 22:03:1875788 +31:45:3826990 0298 QSO 2007-04-30
2320+506 23:22:2%82173 +50:57:5196364 1279 QSO 2007-05-03

Column designation: Col. 1 — IAU source name (B1950), Col. 2 — commonly used soneree, Col. 3 and 4 — VLBI
position, for details selettp: //astrogeo.org/vlbi/solutions/rfc_2010c/and Beasley et al. (2002); Fomalont et al.
(2003); Kovalev et al. (2007); Petrov et al. (2009, 2005,8@D08), Col. 5 and 6 — redshift and optical class from Véron
Cetty & Véron (2010), Col. 7 — epoch of multi-frequency VLBservations reported in this work.

2 Spectroscopic redshift obtained by Afanas’ev et al. (2003)

b Photometric redshift, see Finke et al. (2008).

dual frequency 3/8.6 GHz (S/X band) observations with the VLBA and up to ten other
globally distributed antennas. The data processing tgcenand imaging results are
described by Pushkarev & Kovalev (2010). The core shift waasured by Kovalev
et al. (2008b) by referencing the core position to optictdiy jet features, the positions
of which are not expected to change with frequency.

We have selected 18 sources with large core shifts betw@&eamn2 86 GHz from
the list of Kovalev et al. (2008b). These sources were sedeict such a way that they
not only show large core shifts in this frequency range, beitdso particularly suitable
for measuring it by referencing the core position to brigfttfgatures — the technique
used in this Chapter. This procedure is needed because siodutdbposition infor-
mation is lost during the phase self-calibration procesesgary for VLBI imaging;
therefore it is not known a priori how images affdrent frequencies should be aligned.
Two more sources, 228B15 and 3C 309.1 (1458 18), were added to the list in order
to continue our previous core shift studies (Homan & Kovalet0; Lobanov 1998b;
Ros & Lobanov 2002).

4.2.2 VLBA observation setup

Twenty sources selected as promising candidates for detktaire shift investigation
were observed with the VLBA (Napier 1994) during four 24 hssaiss in March —
June 2007. The list of the observed sources is presentedbla Fdl. Each source was
observed simultaneously usihgS, C, X, andK, band receivers (according to the In-
stitute of Electrical and Electronics Engineers or IEEE paniature, see Table 4.2) in
the 14-154 GHz range. At each band four 8 MHz-wide frequency chaniets [Ta-
ble 4.2) were recorded in both right and left circular paations with 2-bit sampling
and a total aggregate bit rate of 256 MfBec. The correlation of the data was per-
formed at the VLBA Array Operation Center in Socorro, NM, US#th an averaging
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Table 4.2: IF central frequencies

IEEE Band IF Frequency

(MHz)
L 1 140449
L 2 141249
L 3 165849
L 4 166649
S 1 227549
S 2 228349
S 3 238349
S 4 239149
c 1 460449
C 2 461249
C 3 499949
c 4 500749
X 1 810449
X 2 811249
X 3 842549
X 4 843349
Ku 1 1535349
Ku 2 1536149
Ku 3 1536949
Ku 4 1537749

Column designation: Col. 1 — Radio band name according to the IEEE radar band ndatare, Col. 2 — number of the
frequency channel (IF), Col. 3 — central frequency of thgdency channel (IF).

time of 2 seconds. Data i, S, C, andX bands were divided in two sub-bands (two
IFs in each sub-band) centered at,11.7, 23, 24, 4.6, 50, 81, and 84 GHz respec-
tively. K, band was not divided into sub-bands in order to achieve insagsitivity
similar to other frequencies in a comparable integratioretiall four IFs were stacked
together around 18 GHz. The central frequencies of the sub-bands were chosen i
such a way that at least one sub-band in each band is centeréagquency for which
antenna gain curve measurements are available. A speogure was applied to
ensure accurate amplitude calibration of all sub-bandsti@e4.2.3).

4.2.3 Data calibration and imaging

The initial calibration was conducted WIPS (Greisen 2003) following the standard
VLBA calibration procedure involving a priori amplitude ltaation with measured
antenna gain curves and system temperatures, phase tafibuaing the phase-cal
signal injected during observations and fringe fitting. Tiirege fitting was performed
by the taskFRING. A separate solution for the group delay and phase rate wde ma
for each frequency channel (IF). As the final step of calibratbandpass corrections
were applied utilizing the tasBRPASS

The sources were imaged independently in each band, usin@ltEAN algo-
rithm ((Hogbom 1974); Section 2.1.1) implemented in Biénap software (Shepherd
1997). Global amplitude corrections for left and right aier polarization for each
IF at each antenna were determined by comparing the totisity CLEAN model
obtained with the initially calibrated data (again usidgmap). The amplitude cor-
rections obtained were averaged over all the sources adasanthe experiment with
the exception of 0616260 and 1838285. The latter two sources have steep radio
spectra (Kovalev et al. 2002, 1999b) and were not used foatmgitude corrections
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computation in order to avoid introducing systematic exiorthe corrections. The sig-
nificant amplitude correction factors which were found é&ted in Table 4.3. These
amplitude corrections were introduced into the datasetgudie AIPStask CLCOR

After thatL, S, C and X band data were split into two sub-bands as described above
and final total intensity imaging for each sub-band was cotetlindependently using
Difmap. The resulting accuracy of the amplitude calibration isestpd to be- 5 %.
Naturally weighted CLEAN images of the observed sourceséen 1.4 and 18 GHz

are presented in Fig. 4.1.

The structure of each source at each frequency has beenedduaelSokolovsky
et al. (2010d) in the visibility fv) plane with a number of circular Gaussian com-
ponents using th®ifmap software (Shepherd 1997). The components were visually
cross-identified between frequencies. One suitable bagtitally-thin jet component
was chosen and its distance from the VLBI core (the optiethilgk feature at the ap-
parent base of the jet) was measured at each frequency. Modglonent positions
and sizes for the core as well as the jet feature used for tiakysis are indicated in
Fig. 4.1. In some rare cases we were unable to construct éstamsmodel to allow
for accurate and robust component cross-identificatioh etiier frequencies. In these
cases no model components are shown in Fig. 4.1 and no daiaedén the analysis.

The technique of using an optically thin jet component adereace point for the
core position measurement has previously been successsied or5/X band RDV
data by Kovalev et al. (2008b) in several wayg:similar core shift values were ob-
tained referencing to tierent jet features of the same sour(@;the core shift for the
quasar 1656077 agreed within the errors with previous phase-referdmeeasure-
ments by Homan & Kovalev (2010Jjii) two RDV epochs of the quasar 164@90
resulted in values being in good agreement. Kovalev et 80§B) have also inves-
tigated the &ect of the diferentuv-coverage resulting in a fierent resolution (and
amount of blending between the core and nearby jet regidar&had X band on core
shift measurements. Thdfect was found to be small compared to the core position
shift between these bands (see Fig. 5 in Kovalev et al. 2008b)

In addition to that, we have performed the following testdoK for indications
of blending in our 14-154 GHz results. If significant blending is present, we should
measure systematically larger core shifts for sources jeitkirections aligned with
the P.A. of the elongated VLBA beam. However, no such depecales found in the
data.

An alternative approach to multi-frequency VLBI image aligent based on two-
dimensional cross-correlation has been proposed by Watkalr (2000). It has been
successfully applied for core shift measurements by O\&uil& Gabuzda (2009) in
sources with smooth jets where referencing to a distingtbijet component was not
possible. A potential disadvantage of this method is tingbyinciple, it may introduce
artificial offsets between frequencies in the presence of spectral gtaditng the
jet. A similar problem may ffiect the model component-based method used here, if
there is a large spectral gradient across a resolved refe@mponent. However, the
spectral index gradient is smaller for an individual comgaatrthen for a large section of
parsec-scale jet used in cross-correlation analysisy Badervations of the frequency
dependent dierence in distance between the core and jet components wieralp
interpreted by Biretta et al. (1986) as a sign of spectraligrés across the components.
This interpretation is disfavored by the detection of cassipon shift with frequency
in phase-referenced experiments (Homan & Kovalev 2010ckde et al. 1985; Rioja
et al. 1997) and the fact that strong spectral gradientsadnalividual jet components
are not routinely observed.
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A significant core shift has been detected in each of the yweotirces observed
within our VLBA program. The ffect is especially pronounced at frequencies below
5 GHz. The results are discussed in detail in Section 4.3 aeskepted visually in
Fig. 4.2.
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Figure 4.1: Naturally weighted CLEAN images of the obsersedrces between4
and 15 GHz. The lowest contour value ‘clev’ is chosen at fanes the rms noise, the
peak brightness is given by ‘max’. The contour levels inseslay factors of two. The
dashed contours indicate negative brightness. The beathigifith at half maximum
(FWHM) is shown in the bottom left corner of the images in grag epoch of obser-
vation is shown in the bottom right corner. Red and blue spatieate the positions
and sizes (FWHM) of Gaussian model components for the cadetlam jet features
respectively.
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Figure 4.1 continued...
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In order to estimate the uncertainties of the measuredmdisthetween the core
and reference component, we have used pairs of sub-bantiSg)fS, andL bands,
assuming that the source structure at these closely-segdraquencies is essentially
the same and the fiierence in the model fit parameters thus determined purely by
errors (Fig. 4.3). This assumption turns out to be correck{dC, andS bands, while
at L band the core shift between the sub-bands becomes evidemnoW that this
approach is possible since data processing of these sulslveas done completely
independently. We have also tried to estimate uncertainti@ng formulas (3) and
(4) from Lee et al. (2008) which are modified versions of therfolas introduced by
Fomalont (1999). We found that for all sourcesXnC, andS bands the theoretically
estimated error is 3 — 40 times larger than the standard titavja-, of the measured
distance dterence between sub-bands of the corresponding band coanysitey all

sources.

In the following, for X, C, andS bands we adopt a single typical uncertainty of
the distance between the core and reference componenth wghtbe standard de-
viation of the distance ffierence measurements made in the two sub-bands of each
band, computed using all the sources in our experiment &R&). ForX band the
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Figure 4.2: Separation of the core from a reference opgithlh jet component as a
function of frequency. The curve represents the best-fittianr(v) = a+ bv=/¥, the
codficientk = 1 was fixed during the fitting. The best-fit parameters aregutes in
Table 4.4.
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Table 4.3: Amplitude corrections for the BK134 VLBA expednt

Ant. Band IF Epoch Polarization Corr.
BR L 1 All L 1.17
BR L 2 All L 1.13
LA L 1 All L 0.89
LA L 2 All L 0.90
HN L 1-4  2007-06-01 L,R as
ov L 1 All R 117
ov L 2 All R 1.15
BR S 3 All L 1.13
LA S 1 All L 1.12
LA S 2 All L 1.09
LA S 3 All L 1.19
LA S 4 All L 1.23
HN S 3 All L 0.90
HN S 4 All L 0.89
KP S 1 All L 1.09
KP S 2 All L 1.13
NL S 3 All L 1.09
MK S 3 All L 1.13
MK S 4 All L 1.14
LA S 1 All R 0.85
LA S 2 All R 0.85
LA S 3 All R 0.76
LA S 4 All R 0.79
ov S 3 All R 0.86
ov S 4 All R 0.89
KP C 1 All L 1.10
KP C 2 All L 1.11
BR C 1 All L 0.91
KP C 1 All R 111
KP C 2 All R 1.09
MK C 1 All R 124
MK C 2 All R 117
ov X 1 All L 1.21
ov X 2 All L 1.20
KP X 1 All R 0.91
KP X 2 All R 0.93
BR Ky 1 All L 0.94
BR Ky 4 All L 0.95
SC Ky 1 All L 1.05
KP Ky 2 All R 142

Column designation: Col. 1 — Antenna name, Col. 2 — radio band name, Col. 3 — nunfttéledrequency channel (IF),
Col. 4 —epoch to which the amplitude correction was appl@al, 5 — polarization (right or left circular), Col. 6 — amipide
correction cofficient.
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Figure 4.3: Distribution of the observedfi@irence in distance between the core and
reference component measured at two sub-ban¥s@f S andL band.
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adopted distance error isx = 0.04 mas, forC bandoc = 0.05 mas, and fo6 band

os = 0.07 mas. TheK, band has not been divided in two independent sub-bands
and for that band we adopt the same position uncertaintyras band:ox, = ox =

0.04 mas. In thd. band the mean fference between the distance measured at the
lower sub-band (# GHz) and the higher sub-band{1GHz) is—0.15 + 0.03 which

is significantly diferent from zero. We interpret this as a sign of the core shift e
fect (which should be more pronounced at lower frequeneied)use the uncertainty
derived from the scatter & band measurements as an estimate ofiL.tliand error
instead:o. = o5 = 0.07 mas. We note that, may be underestimated.

4.3 Discussion

4.3.1 Core position as a function of frequency

According to Lobanov (1998b) the position of the coge’) « v~1/X where the cofi-
cientk = 1 if (i) the dominating absorption mechanism is synchrotron sedbeption,
(ii) the jet has a conical shape &jif is in equipartition. These assumptions must hold
for the ultracompact jet region which we observe as the VLdEeand do not need to
be correct all the way along the extended parsec-scale jet.

In order to test the above assumptions, we fitted the obsetigtahces between
the reference jet component and the core in each source hdtliunctionr(v) =
a + bv"Y¥ leaving the cofficientsa, b andk as free parameters. The Levenberg—
Marquardt algorithm (e.g., Press et al. 2002) was used fonperthe nonlinear least-
squares fit. Fig. 4.4 shows the distribution of the estimatedlues. The mean value
of the distribution isk = 0.98 + 0.11. This suggests that for a typical source in the
sample in the frequency range of our observations the abesengptions about the
structure of the inner jet (which we observe as the VLBI cene) generally correct.
Specifically, we conclude that our observations are cossistith synchrotron self-
absorption being the dominating opacity mechanism actipgirsec-scale core regions
in the GHz frequency range.

It should be noted that, since the core shifieet is most pronounced at lower
frequencies, the best-fit valueslobbtained are heavily dependent on thband mea-
surements. At the same timeband data are also more likely to bescted by blend-
ing, an dfect which could interfere with the core shift measuremekita/élev et al.
2008b). In order to test how sensitive our conclusions athed_-band results, we
have repeated the above fitting procedure excluding-Bthnd data. The resulting val-
ues ofk are on average 30 % smaller compared to those obtainedbwidnd data
included. Naturally, a larger uncertainty is associatethwhe values ok obtained
without L-band data. The mean values of the two distributions of fiektvalues are
consistent at the® level.

The values ok presented in Fig. 4.4 are similar to those obtained for 3328 A
by Marcaide & Shapiro (1984); Marcaide et al. (1985), 3C 3¢3.bbanov (1998b),
3C 309.1 by Ros & Lobanov (2002), 085881 by Kovalev et al. (2008a), 141846,
2004777, and BL Lac by O’Sullivan & Gabuzda (2009) and Mrk 501 bypKer et al.
(2010). The values obtained also agree with the results iod ¥aal. (2008); they have
estimated from a statistical analysis of parsec-scale core sizes3f00 sources. The
core size is expected to be directly related to the obserositipn of the core along the
conical jet (Unwin et al. 1994). The value kf< 1 was obtained from analysis of the
core size in 3C 345 measured between 5 and 22 GHz by Unwin(@B&4). Values of
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Figure 4.4: Distribution of thé parameter in the core position as a function of fre-
quency fit:re(v) o« vk, The mean value ik = 0.98 + 0.11 while the median is.89.
One discrepant measurement on the histogram corresporide spurce 0952179
were the value ok is not well constrainedk = 2.7 + 1.7.

k slightly larger than unity were estimated for BL Lac by arrahg time lags between
radio lightcurves obtained atfierent frequencies (Bach et al. 2006). We also note that
Lobanov (1998b) has found an indication foto change with frequency up to values
greater than 1 for the quasar 3C 309.1. Kadler et al. (2004)danuch larger values
of k indicating free-free absorption in the radio galaxy NGC 2.05he key diterence
between NGC 1052 and the sources observed in our sample ithithaadio galaxy
shows a two-sided parsec-scale jet. The inner part of thedieg jet of NGC 1052 is
likely to be obscured by a circumnuclear torus (Kadler e2@04).

The applicability of ther¢ o« v~/ relation to many extragalactic sources has im-
portant consequences for the radio—optical referencesfiipnment. In the particular
case ofk = 1, if the radio structure is strongly core-dominated, therse position
measured using the group delay technique at any frequench @&s those currently
used to define the the International Celestial Reference&réCRF; Fey et al. 2004;
Ma et al. 1998) corresponds to the jet base, not the radiopusition at a given fre-
quency (Porcas 2009). This is due to the additional timeydataoduced by the core
shift across the observing band (Porcas 2009). The optieiséon of an AGN jet is
expected to originate much closer to the jet base then the cade position. There-
fore, if the source radio emission is dominated by the chexgtis no need to introduce
core shift corrections to the radio source positions detexthfrom group delays before
matching them with optical positions. This is not true hoarefor radio source posi-
tions determined from phase referencing (Porcas 2009, Althe source has bright
distinct components in the jet (which is indeed the caseHlersources presented in

102



Table 4.4: Core distance from the reference jet componeafasction of frequency:
fit results ¢ = a+ b/v)

Source a (mas) b (mas- GHz) a (pc) b (pc- GHz) PA
0148+274 1032+0.06 -248+0.19 8675+050 -4711+361 -409
0342+147 715+ 0.03 -1.08+0.09 6114+ 0.26 -2361+197 -885

0425+048 1857+ 0.05 -219+0.17 11499+ 031 -2057+160 -1007
050A179 450+ 0.05 -1.72+0.17 2463+0.27 -1333+132 -1003

0610+260 633+ 0.06 -3.68+0.19 4156+ 039 -3817+1.97 -945
0839+187 1219+ 0.09 -3.66+0.29 10260+ 0.76  -69.99+ 555 152
0952+179 1448+ 0.05 -161+0.17 12356+ 043 -3404+359 -35

1004+141 1118+ 0.04 -241+0.13 8997+0.32 -7189+3.88 1322
1011+250 688+004 -210+0.14 5888+0.34 -4737+316 -107.3
1049+215 833+0.02 -1.82+0.08 7030+ 0.17 -3533+155 1080
1219+285 695+004 -238+0.15 1906+ 0.11 -7.58+0.48 1098
1406-076 726+001 -1.25+0.05 6198+ 0.09 -2661+1.06 -1035
1458+718  2453+0.04 -237+012 19190+ 031 -3530+1.79 1637
16424690 1061+0.05 -1.68+0.18 7794+ 037 -2161+232 -1670

1655+077 851+003 -149+0.10 5771+020 -1638+1.10 -429
1803+784 682+0.04 -1.03+0.13 4814+ 028 -1221+154 -96.0
1830+285 640+006 -3.15+0.24 4250+ 040 -3334+254 -385
1845+797 723+009 -230+035 776+ 0.10 -2.61+0.40 -380

2201+315 678+ 0.03 -3.23+0.14 2983+0.13 -1845+0.80 -1353
2320+506 852+ 0.03 -1.15+0.09 7176+ 025 -2207+1.73 -1358

Column designation: Col. 1 — IAU source name (B1950), Col. 2 and 3 —féméents of the best-fit curve = a + b/v
with their uncertainties. Col. 3 and 4 — samef6i@@&nts converted to the projected linear scale. Col. 5 —amegdicross all
frequencies) position angle of the reference jet compoiitamiarks the direction along which the core shift was meagur

Fig. 4.1), the group delay will not be a good position eston&ir the comparison with

the optical position since estimated position will not be plosition of the jet base. The
source structure needs to be modeled to determine the tposition corresponding

to the jet base for comparison with optical astrometry.

4.3.2 Fitting results assuming synchrotron self-absorptin opacity

As discussed above, our observations are consistent weigsttumption of synchrotron
self-absorption dominated opacity across the frequermayaraf this VLBI experiment.
We repeated the fit of the functiog(v) = a + bv~V/¥ to the observational data, fixing
the value ofk = 1, which is our best estimate. The results are presentedhile Tad
and Fig. 4.2. The values efandb are given in Table 4.4. The projected core distance
in parsecs is

Da

re(v) [pel =

(a[mas]+b[mas-GHz]- 1+2 )

Vem [GHZ]

rad

wherea [mas] andb [mas- GHz] are the cofficients obtained from observatiori3,

is the angular size distance to the source in pardégs~ 206264800 is the number
of milliarcseconds in one radianjs the source redshift and,, [GHZz] is the emission
frequency in the source frame.

We have investigated deviations of the measured distanoesthe best-fit curve
presented in Fig. 4.2 for each frequency. In all cases thenrdi#ierence between the
measurement and the model curve is consistent with zerdtasthndard deviation is
consistent within a factor of two with the adopted typicalas@rement uncertainties.

It can be seen from Fig. 4.2 that, while th€) « v~! law generally provides a good
fit to the data over the whole observed frequency range witsystematic deviations,
there are indications of possible local deviations. Thiy ima due to local deviations
from equipartition or conical shape of the jet. Another gloifity is that the scatter in
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distance measurements at two sub-bands used for erroraéistindoes not reflect the
total measurement uncertainty. This may happen if theresissgematic factor which
influences distance measurements at both sub-bands inlarsiraiy. However, after a
careful review of our analysis procedures we could not ifieahy such factor.

4.3.3 Comparison with previous 2.8.6 GHz measurements

The new measurements of core shifts betwe8mAd 84 GHz may be compared to the
previous measurements at similar frequencies obtained tis¢ RDV data by Kovalev
et al. (2008b). As expected for a big enough sample of variablrrces, the mean
difference between the measurements obtained at two epoctisf(#0RDV global
VLBI data and 2007 for this VLBA dataset) is consistent wigt@ (Q01+ 0.08) mas.
The mean absolute value of thifférence is (22 + 0.05) mas which is a measure of
a typical long-term core-shift variability in the studieansple within the accuracy of
our measurements.

According to formula (1) in Kovalev et al. (2008b), if jet eritation and velocity
remain unchanged, an increasing value of core shift (duentmerease in particle
density angbr jet magnetic field strength) should be associated wittegmse in the flux
density of the core. Fig. 4.5 shows the core shift ratio ve¥sband core flux density
ratio at two epochs (2002 and 2007). No significant correfeis found between the
core shift and flux ratios at fferent epochs. This may reflect the fact that there is no
single dominant physical reason for core flares and subs¢égoee shift variations,

2.4 | .
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2.2 t . .
2 20} _ .
©
£ 18+ o . T -
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Core flux ratio

Figure 4.5: Core shift ratio versusband core flux density ratio. The core shift ratio is
defined to be greater than unity, i.e., for each pair of measants, the larger value of
the shift is in the numerator of the ratio. The one source ghotvn in this plot) which
exhibited a large core shift change without a major changluindensity is W Com
(1219+285); it has a core shift ratio of@7 + 0.36 and core flux ratio of. 19+ 0.08.
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despite the suggestion by Kovalev et al. (2008b). A higheuescy of core-shift ratio
measurements is required to probe this in details.

4.4 Chapter summary

Dedicated VLBA observations of twenty AGN jets showing Efgequency dependent
core shifts were conducted at nine frequencies in tde1lh4 GHz range. Analysis
of these data has resulted in 180 high dynamic range (up 0080 1803784 inC
band; typical value- 2300) images of the sources. The obtained images are reiaay fo
spatially resolved spectral analysis and investigatiothefcore position displacement
with frequency (“core shift”). The latterfiect is especially interesting since it provides
a probe of physical conditions in the inner jet — the likele sif the observed high-
energy emission of blazars.

Significant core shifts have been detected and confirmed wbakrved sources.
The dfect is more pronounced at lower frequencies. The core paosity, shift as
a function of frequencyy, is consistent with the.(v) « v~! pattern expected for
a purely synchrotron self-absorbed conical jet in equipamt (Blandford & Konigl
1979; Lobanov 1998b). These results support the intetjivataf the parsec-scale core
as a continuous Blandford-Konigl type jet with smooth geats of physical properties
(including opacity) along it. No systematic change withgfriency of the power law in-
dex in therq(v) relation has been convincingly detected. However, sorca lchanges
might be present in a few sources, especially at higher &egjes.

The general applicability of the,(v) « v~* relation to all the observed sources is
a promising indication that radio source positions obtdinsing group delays (such
as those currently used to define the ICRF) may be comparepticabcounterpart
positions directly, with no need to apply a correction fag ource core shift (Porcas
2009). This may be important in the era of the future spaceth@ptical astrometry
missions aiming fowas-level accuracy. A correction for the core shift in theeref
ence source(s) is still required if a high-precision absoposition of a celestial radio
source (or tracked spacecraft) is to be determined throygeae referencing VLBI
experiment. Also if the radio source is not strongly core d@ted, its structure needs
to be taken into account for accurate determination of jeelgosition which should
be compared to the optical position.

While in the work described in this Chapter we have tried tocemtrate on the ob-
servational results, independent of specific assumptioostget geometry and Lorentz
factor, in future work based the dataset presented here avetplestimate geometry,
magnetic field strength and total (kinetic plus magnetidjiglower of the flows and
relate the observed shifts to the properties of the cenkaakthole and broad-line re-
gion in its vicinity. Polarization information will be use constrain the physical
interpretation of core shift measurements and to invetitiee €fect of the core shift
on Faraday rotation measurements.

It would be important to confirm, and investigate possiblardes of, the coef-
ficientk in there(v) o« v~V/X relation with frequency, which may be hinted at in our
observations. In order to achieve greater accuracy in megsk one would need
to obtain more independent core position measurementssatne whole frequency
range accessible to VLBI. The use of phase-referenceddigars may also be help-
ful to minimize ambiguities inevitably associated with thedel fitting procedure and
quantify position measurement errors more accurately.
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Chapter 5

The quest for young radio
sources seen edge-on

How would a young radio galaxy look like? One possibilityhat it would be simply
a scaled-down version of a large galaxy. Such object may athfer some of) the
usual elements of radio morphology like two-sided jets;$piits, lobes and a bright
compact core, but be much smaller. As a consequence of thikesmiagular size,
the object may also have a spectrum which is noticealffgmint from the one of its
larger cousins: the spectral peak caused by synchrotrbalssbrption will be shifted
to higher frequency in a smaller source.

These basic ideas determine tow main strategies of yourig sadirce identifi-
cation. The “spectral’ approach suggests to search for eatr(pn arcsecond-scale)
radio sources which show the self-absorption peak at higdpuiencies (at cm-band).
The “imaging” approach implies direct imaging of radio stes with the Very Long
Baseline Interferometry (VLBI) technique in search of garscale morphological fea-
tures resembling thouse of Megaparsec-scale radio galakieombination of the two
techniques is also possible.

In this work we try both approaches to the young radio sowuteatification. First
we use data from the 1-22 GHz spectral survey conducted hWetlRETAN-600 ra-
dio telescope to construct the largest homogeneouslytedlsample of radio sources
with synchrotron peak in the GHz-range (Section 5.1). Thegxascale properties of
the sources from this spectrally selected sample are dieairma using the publicly-
available VLBI data (Section 5.2). Second, we use the aastMiBI data to identify
the promising young radio source candidates based on tagiep-scale morphology
and later characterize their spectral properties usirgfdam the RATAN-600 spectral
survey (Section 5.3). Finally, in Section 5.4 we discusssfidentification of the se-
lected candidates witjrray sources from the first-yekermyLAT catalog and discuss
the implications for identification of the of the blazaray emission site.

Main results of this work were presented in Sokolovsky & Klevg2008); Sokolovsky
et al. (2009, 2010c).
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5.1 Asample of GHz-peaked spectrum sources selected
with RATAN-600: spectral and variability proper-
ties

Gigahertz Peaked Spectrum (GPS) sources are compact aattg radio sources
characterized by a turnover in their spectra at frequen@bolut a few GHz. Class
of GPS sources is a mixture of AGN withffrent physical characteristics. It is widely
accepted that progenitors of large scale fRIII radio galaxies can be found among
them. The construction of a complete flux density limited gkeis essential to un-
derstand the nature of GPS sources. In this section we deszmew sample of 226
GPS candidates selected using simultaneous 1-22 GHz fragjtiency multi-epoch
observations with the RATAN-600 radio telescope. Sixtyeoty in our sample are
identified as GPS source candidates for the first time. Thdidates were selected on
the basis of their broad-band radio spectra only. We disttiesspectral and variability
properties of selected objects offdrent optical classes.

5.1.1 General remarks

Gigahertz Peaked Spectrum (GPS) sources are among theelstighdio sources in
the sky at centimeter—band. They are compact extragalaujicts characterized by a
turnover in their radio spectra at frequency of about a fayahertz. The low frequency
decline in their spectra is probably due to synchrotron-sdi§orption, but free—free
absorption in an inhomogeneous screen may also play a relene objects. These
explanations correspond to the two main models of GPS ssutg¢hey are young and
evolving objects that will become large-scale radio sosiroe 2) they are frustrated
by interaction with surrounding dense interstellar mediulnis possible that both
mechanisms act simultaneously.

A general review of GPS source properties was presented Dg#X(1998).

VLBI observations reveal a variety of pc-scale structure&PS sources. Sources
associated with quasars often have “core — jet” or “nake@"cororphology (e.g.,
Stanghellini et al. 1997b). Thetect of Doppler boosting should be significant for
these objects. Many GPS galaxies have double or triple stdimture (mini—lobes
or hot spots on both sides of a core). This structures wetedc@ompact Symmet-
ric Objects (CSO) by Readhead et al. (1996a). Doppler bogsti minimal in CSO.
Measured proper motion of CSO components (projected sepaxelocities~ 0.2¢t)
suggest dynamical ages10® years which supports the youth model for (at least this
subclass of) GPS sources (Polatidis & Conway 2003).

Optical counterparts of GPS sources are a mixture of radexigs and quasars,
with quasars tend to be found at high¥ 1) redshift. Hosts of GPS galaxies are giant
ellipticals, similar to hosts of large-scale FRRII radio sources Labiano et al. (2007);
Snellen et al. (1999).

Many authors argue, that GPS galaxies and GPS quasars adifferent popu-
lations of radio sources which show the same shape of radictigpaccidently. But,
probably, it would be more correct to distinguish between propulations of GPS
sources not on the basis of the (variable) contribution oNAB their optical light
(galaxies vs quasars), but on the basis of pc—scale radipholagy (CSO vs. “core

1cis the speed of light in vacuum
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— jet”) which indicates the value of Doppler boosting for thiéghtest radio source
components.

The first samples of GHz-Peaked Spectrum sources (e.g.,|{Bophna et al.
1983) were selected solely on the basis of the radio spegiraperties. Later samples,
like the one presented by Snellen et al. (2002) were corisglether factors such as
optical counterpart type during the selection process. vigng meaning of the word
“GPS source” has shifted from the description of spectrapghto something close
to “probable young radio source” which are believed to bentbamong sources with
convex spectra.

Nearly 500 GPS source candidates were reported in thetliterto date. Just about
a half of them are true GPS sources. The others are highlghtarsources which do
not show peaked spectral shape all the time. The construaticomplete flux density
limited sample is essential to understand the nature of GR&ss. It is important
to maximize the number of sources in the sample to elimirfadrifluence of small
number of objects to the statistics, therefore, the limgifilux density of the complete
sample should be as low as possible.

In this work we use the “old fashioned” spectral-only appiot select one of the
largest samples of peaked spectrum sources to date. Spaddak taken to keep the
sample as free as possible from sources which change themlbspectral shape due
to variability. We have searched for GPS source candidagslataset from multi—
frequency AGN monitoring campaign which is conducted at RWF600 radio tele-
scope by Kovalev et al. (2002, 1999b). The main motivatiothif work was to find
missing bright GPS sources and to confirm the GPS classifictir candidates previ-
ously reported in the literature. We investigate the obs@properties of sources from
the sample to test the idea that sources with peaked speetanzixture of intrinsically
different types of AGN (e.g., Stanghellini 2003).

5.1.2 Observational data and sample selection

To select GPS source candidates we use 1-22 GHz multi-inegugata from the
RATAN-600 telescope of the Special Astrophysical ObsemyatRussian Academy
of Sciences. Itis a 576 m diameter ring radio telescopetsitlat stanitsa Zelenchuk-
skaya, Karachay-Cherkessia, Russia. The telescope i§ymopstated in transit mode.
Emission from a radio source is measured as it crosses thebfans of the broad-
band receivers operating at 1, 2.3, 3.9 (or 4.8), 7.7, 11 @@Rz. This allows us to
obtain the source spectra over a few minutes only. The eikaetit takes the source
to cross all beams (and hence the integration time) is aifumof the source declina-
tion. Details of the method used for observations and dategssing can be found in
Kovalev et al. (2002, 1999b).

We use spectra of 4047 sources observed with RATAN from 182006 during
multifrequency monitoring and survey campaigns condubteBovalev et al. (2000,
2002, 1999b). The observed source list includes a compéetple of sources with
6 > —30° and a total VLBI flux density at 8 GHz greater than 200 mJy (Kevat al.
2007). The observing program consists of two parts: a li&58f monitoring sources
which are observed during every observation set (2—4 tinyesg and a list of survey
sources which are inserted in the observation scheduleps gatween monitoring
sources. For most of the survey sources, we have only 1-5watheas. To improve
the frequency coverage, we combine our RATAN—-600 data wighipusly published
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non-simultaneous measurements collected by the CATS alsaerkhodanov et al.
2005).

We inspected all of the collected broad-band spectra tatssteirces which show
a prominent spectral peak at all epochs for which we have RRAdAta (supplemented
by the CATS data). To derive the peak flux densBy,§ and peak frequency{), we
followed Edwards & Tingay (2004); O'Dea et al. (1990); Sealkt al. (2002) and fit-
ted each source spectrum in the log-log scale with a parabg|gS, = a(log,,v)? +
blog,,v + ¢, wereS, is the flux density at frequency a, b, andc are codicients de-
termined using a least square regression method. Despitagh#o physical meaning,
this simple fit can represent observations reasonably Wak. spectral indexésvere
determined by fitting the high- and low-frequency regionshef spectra with a linear
function in the log-log scale. We have used similar critéoidhose suggested by de
Vries et al. (1997) to select the final list of GPS candidafgssource spectra show a
defined peak at a frequency above 500 Mti2,the diference between the high- and
low-frequency spectral indexes is greater that OMe use the traditional 500 MHz
boundary between GPS and Compact Steep Spectrum (CSSgspodespite there is
no clear physical boundary between them, because we do wetdus own observa-
tions at frequencies below 1 GHz. Also, we do not distingliistween GPS sources
and High Frequency Peakers (HFP) which have peaks at fremssabove 5 GHz and,
as in the case of CSS sources, they are not separated fromcBR®sby any gap in
their properties. Twenty three sources from our GPS lispegsent in the HFP sample
by Dallacasa et al. (2000).

We have also tried to fit the source spectra with the funcBpe: %(V—Vo)“z(l -

e 51" following Volimer et al. (2008a). Such fit gives consistpeak frequency
and flux compared to the parabolic fit, but spectral indexégined using this function
are systematically steeper than thouse obtained from fitserSince manual liner fit
visually better represents observational data, we usdrgpewexes derived that way
for the further analysis.

The sample of 226 GPS has been selected, 60 objects fromrtipdeshave never
been reported before as GPS source candidates (see examplgs 5.1). Optical
identifications and redshift information were extractaahirthe Véron-Cetty & Véron
(2006) catalog and the NASKPAC Extragalactic Database (NED Published spec-
troscopic redshifts were found for 128 sources, 39 souneeslantified with galaxies,
98 are identified with quasars, three sources (PKS 9837, PKS 13008105, and
PKS 1519-273) are BL Lacertae objects. For 86 sources no opticalifizatton was
found (“empty fields”).

5.1.3 Spectral properties

An “average” GPS spectrum in our sample is characterizechbypeak frequency
vo = 2.4 GHz and the flux densit8,, = 0.8 Jy. The spectral indexes above and below
the turnover frequency arg, = —0.77 anda, = 0.66.

To provide an impression of the spectra selected, we présgn5.2. An average
spectrum of a GPS source was constructed by combining tivddoel source spectra
normalized by their peak frequency and flux density. Thisloioled spectrum is com-

2Astrophysical CATalogs support Systehttp: //www.sao.ru/cats/

SWe use the following spectral index definition: S, « v?. a4 is a spectral index above the peak
frequencyv, a2 — below the peak.

“http://nedwww.ipac.caltech.edu/
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Figure 5.1: Radio spectra of 3 out of 60 newly identified GR&s®candidates. Vari-

ability index as a function of frequency is presented in thegds under the spectra
plots. Black points correspond to RATAN-600 data, grey somnepresent data col-
lected from the literature.

pared to a theoretical spectrum of a homogeneous synchreinitting cloud with a
spectral index above the peak equal to the median value faauple.

As can be seen from Fig. 5.2, the observed spectra of GPSesoare wider and
do not reachr, = 5/2 which is predicted by synchrotron self-absorption. Irnt,fao
single source in our sample approaches this value. The mestéda, = 1.76+ 0.03
is found in the known GPS quasar 04%24. Among the 10 sources with the most
inverted spectra there are five quasars, one radio galaxyoametmpty fields. The
absence of observaeeh ~ 5/2 means that the radiation of GPS sources can not be
described assuming one homogeneous synchrotron selfeatoscdoud. There should
be a significant non-homogeneity in the properties across/thume of the radio—
emitting region.

The broad-band radio spectra of GPS galaxies and quas&rsdop much alike.
We found no significant dlierences in the low-frequency spectral index distribution
between subgroups of our sample: galaxies, quasars andmtified radio sources.
This may be an indication of a common mechanism responsiblthé absorption at
low frequencies, such as the synchrotron self-absorpfitre median value of high-
frequency spectral index g = —0.80 for galaxies and* = ~0.71 for quasars. The
Kolmogorov-Smirnov (KS) test has also confirmed that th&ithistion for galaxies and
quasars do not fter significantly.

No difference was found in the observed peak flux density betweenxigaland
guasars. However, when it comes to the peak frequencyllistn (Fig. 5.3), the KS
test shows that there is only a 10% chance that the obsenaddfigejuency distribu-
tions of galaxies and quasars are drawn from the same pdasgriibation. If we con-
sider the peak frequency in the source frame, this prolgbiiops to 0.01%. Galaxies
in our sample are characterized by a lower intrinsic peajueacy (median value
3 GHz) than quasars (8.8 GHz). This is expected since quasafsund, in general,
at higher redshifts then galaxies, but their radio specgatudied in the same limited
frequency range. It would be interesting to have data in, aayrder of magnitude
wider frequency range then we have now for a large numberwices. This would
allow one to &ectively select sources based on their intrinsic peak fagy and not
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Figure 5.2. Combined spectra of all selected 226 GPS catedig@rmalized by peak
flux density and peak frequency values. Filled circles regnéthe observed spectra
binned and shifted along the vertical axis. The solid lireen®rmalized and shifted the-
oretical spectrum of a homogeneous synchrotron emittingccivith self-absorption
and power index = 2.54 of the electron energy distribution.

on the basis of our current observing capabilities. Themesmore interesting thing
to note. We convert the observed peak frequency to the soefeence frame using
the redshift measured for it's host galaxy. But, the radiorse component which is
responsible for observed spectral shape may actually noovard uswith a largey—
factor, typical for quasars. If thidfect really plays a role, the simple correction for the
host galaxy redshift is unapplicable to the radio spectamd,the additional correction
for the relativistic bulk motion of the radio emitting compent is required.

Following Tinti et al. (2005) we have searched for decredshapeak frequency
with time. After selecting subsample of 17 sources for whpelak frequency can be
reliably determined on the basis of RATAN—-600 observatswisly (without addition
of literature data from CATS) and for which we have obsepraiboth in 1997 and
in 2006 (maximum time dierence between observations) we compared their peak fre-
guencies at this two epochs. Despite both mean and medi&rinegaency at the first
epoch ¢g mean1997 = 5.42 GHZ,vg median1997 = 5.07 GHZz) are higher then in the sec-
ond epoch g mean2006 = 4.56 GHZ,vg median2006 = 4.35 GHz) KS test tells, that the
difference between the distributionsygfat two epochs is not statistically significant.
Just the same result was obtained by Tinti et al. (2005) ®HRP sample.

5.1.4 Variability

For the 108 sources which have observations with RATAN-&€@rae or more epochs,
a variability study was carried out. We concentrate on theakdity properties at
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Figure 5.3: Peak frequency distribution for GPS quasarsx@gs and unidentified
radio sources (empty fields).

11 GHz which corresponds to the optically thin part of thecsyotron spectrum for
the majority of the sources. In addition, this band is alni®Bt free, has high sen-
sitivity and is not #ected significantly by weather. Sources with a peak frequenc
around or above 11 GHz are excluded from the analysis in ¢odanobe variability at
a frequency with no self-absorption.

To characterize the variability amplitude of sources we theevariability index
(e.g., used by Aller et al. 1992) applying the modified rolbosth (Hovatta et al. 2008):

_ (Si = Ti)max = (Si + Ti)min

Ve (Si = gi)max + (Si + Ti)min

Si ando are the source flux density and RMS error measureéthag¢poch, maymin
indexes correspond to the maximiminimum value among all epochs. Note, tkhiaan

be negative if the estimated erroiis greater than the observed scatter of the data. The
relative accuracy of flux density measurements as well aadhaber of observations
influence the value of. Let us consider the imaginary sample of 108 non—variable
sources witithe same distribution of number of observatiasseal sources observed
by us. Flux of every imaginary source is measured with themivncertaintyr. The
distribution of variability indexes for this model sourdegpresented on the Fig. 5.4.
The model helps to interpret the variability index disttiba of real sources. For the
number of observations used in our analysis, sourceswvitld.15 can be considered
as strongly variable.

The distribution ofvy; is found to be dierent for galaxies and quasars (Fig. 5.5).
There are many variable sources among quasars. The statistgalaxies is Stering
from the small number of objects, but it can be clearly dididieto two groups: the
main distribution which is consistent with non-variableveeakly variable sources,
with variations under 9-10%. The second group consist afettatrongly variable
galaxies: PKS 0500019, note that this object is listed as a quasar by Becker. et al
(1991); TXS 1404286 (OQ 208, Mkn 668), its variability at a frequency above th
peak was first reported by Stanghellini et al. (1997a); and &20+33.

A KS test gives a 63% probability that galaxies (with the gt of three clearly
variable cases) and “empty fields” are drawn from the santahliion of variability
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Figure 5.4: Distribution of variability index for the model non—variable sources mea-
sured with the relative accuracy of 5, 8 and 10% respectively

index at 11 GHz. The same probability for galaxies and q@asaneglectable<
0.01%). This implies that most of the optically unidentified &Bources might be
faint distant galaxies and not quasars. The similarity efdbserved peak frequency
distribution for galaxies and “empty fields” (Fig. 5.3) sup{s this conclusion. This
may suggest, that the observeftelience in redshift distributions of GPS quasars and
galaxies (Fig. 5.6) can not be used as an argument in supiibe @ea that these two
types of GPS sources are intrinsicallyfdrent. If there is a large number of distant GPS
galaxies which lack an optical identification because theyfar away and therefore
optically faint, then the dierence in the redshift distribution may be attributed to the
selection fect.

A correlation between the variability index at 11 Gkiz and the high—frequency
spectral indexr; can be seen from our data. The value of correlatiorffanentr =
0.32 correspond to 99.8% probability that correlation is feathat number of points.
Exclusion of a few extreme points do not significantly infloerhis value. The flatter
spectral index correspond, on average, to larger vatighdespite the large scatter of
individual points (Fig. 5.7).

5.1.5 Summary of the sample properties

We have selected a sample of 226 GPS source candidates friirfrequency multi-
epoch observations conducted at the RATAN-600 radio tepescsupplemented by
the literature; 60 objects from the sample are reported & &Rdidates for the first
time. We have searched the literature for information aloptital counterparts of the
selected sources and found them for 140 sources (62% ofesgjurdhe fraction of
galaxies (39 objects, 28% of identified sources) and qug88rebjects, 70%) in our
sample is close to that in samples of HFP Dallacasa et al2j20@ GPS sources (with
relatively faint limiting flux) (eg. Snellen et al. (1998a}y sources are identified with
BL Lacertae type objects. 86 sources from the sample stil ¢gotical identification.
The observed spectrum of an “average” GPS source from oysledacharacter-
ized by the peak frequeney = 2.4 GHz and flux densit,, = 0.8 Jy, high—frequency
spectral indexy; = —0.77 and low—frequency index, = 0.66. The shape of the radio
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Figure 5.5: Distribution of the observed variability index at 11 GHz for GPS
guasars, galaxies and unidentified radio sources (empdgfigl our sample.

spectrum do not allow one to distinguish between GPS galane quasars.

GPS quasars tend to show significantly stronger variabitigh GPS galaxies,
which is in agreement with previously published resultsoth GPS (e.g., O'Dea
1998) and high frequency peaked Tinti et al. 2005 sourcesst @®S galaxies and
“empty fields” show no significant variability with three m#able exceptions: PKS 056019,
TXS 1404+28, and B2 160833. The low variability of GPS sources with no optical
identification suggests that a significant fraction of theighbe optically faint and,
possibly, distant GPS galaxies. GPS galaxies and GPS gu#sar significantly dier-
ent variability properties and intrinsic peak frequencig®wever, no clear boundary
can be drawn between them on the basis of single-dish radieraditions because GPS
galaxies and GPS quasars strongly overlap in their obsgnagxbrties.

With 99.8% probability there is a correlation between thealality index at 11 GHz
vi; and the high—frequency spectral index The flatter spectral index correspond to
higher variability.

In Section 5.2 we extend our study of the selected GPS samplarsec scales by
analyzing simultaneous 2 and 8 GHz VLBA observations from\W.BA Calibrator
survey Beasley et al. (2002); Fomalont et al. (2003); Kowatel. (2007); Petrov et al.

(2005, 2006, 2008).

Table 5.1: RATAN-600 sample of GPS sources

IAU name Yo So a1 @ Type z GPS References
0000+21 566%'2)2% 0.265j§1i§§ -0.82+0.07 086+0.07 G 0.450 1,26,35¢9,36,L
0001-12 62:{8:2% 0.830_*8:8[21§ -072+ 011 054+0.02 R 9

0002+05 49@9:‘2‘% 0'267:8:8?9‘ -0.75+003 061+0.01 Q 1.900 1,26,L

0015+52 7'74%53 0'65:{8:875 -039+016 059+041 Q 2574 4,36

0018+72 092j8:8% 0.719j8:8i} -0.91+0.01 G 0.821 L,8,15,18,21,22,35
0026+34 l4lj818% l.898j8:88§ -0.52+0.01 158+ 0.38 G 0.517  3,18,23,30,35g,L
005767 0811’88& 1'943:8:883 -061+0.04 083+0.27 R NEW

0102+51 14@8:% 0'564:8:88‘7‘ -1.00+005 087+0.01 R 4

0102+48 4.14“_“8:88 1'103:8:8? 4 -0.64+005 049+0.05 R 4

0108+38 4.64j818§ l.279j8:8ﬁ -1.20+0.01 132+ 0.02 G 0.668 1,2,3,8,15,18,21,22,26,35¢,36,L
0111+21 113j8%1 0'4838:85 -1.36+0.04 R NEW

0129+56 301j8: 0.495j8:8 ; -135+010 088+0.01 G 0.450 4

0132-09 207" :1‘21 0.977 : -1.03+011 075+0.04 G 2.216 NEW

0134+31 286+8 5 0.478*8-838 -1.20+005 011+012 R NEW

_053

20044
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IAU name Yo S
0144+20 1007001 1217170003 a1 az Typ Z GPSR
o420 004 L TIfRe -101+001 082:005 R eferences
RO 1.305 —0.53+0.03 L,8,16,18
0153174 2 843 0014 .53+ 0. 054+ 0.01 Q 2
03 1917 -128 345 NEW
0201+11 32@8% 23888 28+001  015+018 Q 2341
020 Tog 0866 -033+001 058+001 ' 10.18.31¢
ozoigg éogtgiﬁ 1'866%%%2 ~1.02+0.03 o S ST 3618212236
767 0.558' 05940 23.L
0203+62 250008 4 23?8:8% 059+006 048+009 R 59
Soor 0am  10Magg tiaroot 1o2e023 R
0316+16 ‘an 12170 -095£001  095:012 NEW
o 28?838&, 970908 ~117+001 0082021 S 2225  3,7,811,18,19,21,22,34,L
"o 0.766"0 _ = 2,381
0320:01 Soat% o 433{8:8%% 114+002 094+002 G 0300 9 8,350t
0326127 1227008 10750063 -055:006 090+013 R NEW
0344+19 11288 5508002 -062+001 049+005 Q 1
127 0.5207 -0.70 533  NEW
041405 026001  297000% 70+001  014+008 R NEW
0411+34 107080 1910082 -092+001 122+056 Q 2.639 NEW
0420+07 087005 0350004 -074+007 027011 R NEW
0424+32 7.3618:83 0'52018:881 _8'74i 0.04 R NEW
0424+41 4,03:8:38 0.8151818?5 -0.66+0.06 104+0.01 R 1,26,359,36
e looa¥ ootoagy  oeoroot 202e00n R L
iy 809" 08440 :
0434-18 4.01t8;8]’ 1075988 082+ 001 061+014 G 0219 2,3,814,18,35g,.L
0439-33 2217088 1230002  _ggg«0, 101002 Q 2702 11,36L
0440-00 330700 0833 89004 063:002 R ’
" 2.030'% 046+ 0.01 5,33,350,L
0440:34  311°087 07258888  _gsg1o, 028£002 Q 0844 3630
osazzs 52008 ourr®  ooas 001 043+001 R NEW
044839 5147070 1053018 -064+002  108+004  Q 0413 36
0448.18 287081 (5130080 -099+004 081x014 Q 1
87" 0.513+0 _091 .288 NEW
045702 173088 1 g47+0088 91+£005 010006 Q 205 NEW
0500+01 51608 5362008 -077+001 1762003 Q  2.384
" 2.362'0 ~0.76+ 0.0 : 2,3,11,18
0512-20 753474 8884 76+001  119£003 G 0.584
e 0.640% -0.54+0.26 : 2,3,5,7,8,11,13,15,18,21,22,35
0514147 217005 (.geeodi3 +0. 077+019 R NEW 115,18,21,22,359,L
olaar 2lTem  05%%mg ool k0o R )
0528-25 2347008 1500008 -086+004 048+001 R 27.28
0552+39 642888 55790l -062+001 022:013 Q 278 ’
4 55790 —057+004 788 6,8,18,24,L
0554-02 123003 5502 570, 169:006 O 2363 '
05540 48 orall 122-000 : 3,8,9,12,18,21,22,31c,36
4 3040 006600 092+ 0,03 Q 0235 1216,1835nL
061721 151+8.(15% 88H eE 041+0.03 R i
00,9007 -0.99+0.04 NEW
062753 095t8181 0-783?82835% 09ri0 066+ 0.03 R NEW
0629+32 86008 01850705 92+004 ?31 £009 Q 2204 4
063219 12808 051408  _113 07+£004 Q 1831 36
0637-33 5617024 ~0826 13+0.04 R
o 0.8637 ~1.02+ 0.0 NEW
0636+68 503028 8858 02+002 105+002 B
3 04190 053+ 0.0 NEW
0642-34 351014 0838 .53+002  070+0.02 Q 3.177
3 0.987 ~0.94+ 0.02 : 1,8,18,26,36,L
0643+30 0727001 0029 94+ 0. 042+:008 Q 21 30,
727 0.919° _0564+0, 165 11.L
0642+44 11654:8185 378 41888} 0.46 +0.03 R NEW
Do Looam  ololamy  oooroos AS1=002 Q3408 AL
oscie0  a1atdl  1ossfil 12008 R NEW
065332 42505 0206098  _089+005 124+006 Q 0455 1,8,1518,21,22,26,L
0700+47 071888 0 gga0002 OoE 052+0.01 R NEw e
o710:43 222881 21638088 ~065+0.02 R 14,351
0711435 148700t 0008 61£001 084:001 G 0518
iy 15130 -0.71+0.01 : 2,3,8,18,359,36,L
0718+37 42@8% 0209?82893 _0-32— - 067+ 0.02 Q 1620 3,8,18,23 30‘|_ Y
0729-22 189+8288 1 8611818%% 1~ +001 095+0.10 Q 1629 1 4,36’ L
orevze  %am Loiagn  ooitoos 000085 R NEW
0736-33 2947085 10360010 ~075=001 R )
073831 28708 597100018 i Oéi * 882 066+ 0.20 R NEW
) 9L -051+0.
074106 03898 11456985 1161001 065£003 Q 0630 23,13,18,30
0742+10 26300t o0 Pt 080+£048 R '
i 40270 -0.76+ 0.0 319,34
0743-00 70@81% 0038 .76+ 001  069+004 G
067y 2,027 -0.61+0.02 L,3,8,9,13,16,17,18,31
0748:04 187088 +08% o 095+002  Q  0.994 PPy
+0 0.241:% ~0.71+0.03 : 2,3,6,7,8,11,13,18,319,36,L
0749+42 10188 0714888 _ggeuo R W 13,18,31g,36,
0750¢53 1497003 8888 86003 Q 3
9 0.6787. -1.20 59 NEW
0752063 501021 04347008 20+009 095+001 R 4231
oromsy  5atB®  0ane® o6 o0s R 27,08
080221 07808 0915888 o 9002 Q 2 ’
o 78l 09150 ~0,64+0.01 Sl 4
9-03 14688 056587 0731005 G L,8,15,18,21,22
0830:16 272081 (03670088 5940, 046:002 Q 2352 NEW
Cooorle % O3%Tagn  oooroor 098028 R NEW
0858.27 572088 3oes00% 574001 Q 12
Qe STZyg OS2y 082003 Q7es001  Q 2 oan
- ! e e 2.
a3at® 031988 _078:004 066:004 R 152 187,11,16,18,19,25,L
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0904+03 058091 10300005 _125+0.01

"~ iy 3,8,18,23,35n,L
0906-04 l35+8:8% 0.473" 8818 —-0.56+0.03

008 0092 NEW
0919-26 680f8:8g 2.630f8:88Z -0.90+ 0.04 051+ 0.01 2.300 NEW
0920+57 057t8:8% 0'282:8:885 -0.62+0.01 043+0.02 29
101930 149 0.920" -0.74+0.01 106+ 0.03 1.319 30

1031+56 108E§j§§I 1.902}%}%% -101+001 029+ 0.06
1100:22 277001 06390 -087+001  062+004
1100+79  11970% 05170 ~0.62:+0.02

0.460  2,3,8,18,35g,L
8,15,18,21,22,23,L

e 4% W
110748 055f8:8% 0.647‘:8:88g -0.89+0.03 037+0.04 0.74 4
1108+20 llﬁg:g% 1.2354:8:8?}__j -0.91+0.03 0.299 23,29,L
1120-27 20@8:% 0.74&8:8%8 -112+0.01 L,5,33,35
1133-03 7628:231 0.524“:8:8 8 -0.63+0.10 087+ 0.04 1.648 36
1136-15 7'87i8:§§ 1.027t8:8§§ -0.60+006 099+0.01 2625 9
1141+01 265f8:6% 0.350i8:8§i -0.85+0.05 NEW
1143-24 326ﬁ8:8g 1.888:8:8631 -092+0.01 131+ 0.01 1.940 2,3,7,8,11,13,18,36,L
1152+46 066f8:8g 0.6828:8?; -0.66+ 0.07 NEW
1157-21 480" :9 0.832°, 1 -098+002 070+0.01 0.927 NEW
1209-19 ngfgé 0.488%5%21 -0.68+002 036+0.05 NEW
1205+01 308y 0.247" y -0.83+0.07 025+ 0.04 36
1225+36 ll&g:gi 2.115fg:gg§ -127+0.01 158+ 0.02 1.975 2,8,14,15,18,21,22,30,L
1226+63 184f8:8g 0.41!{8:88g -1.01+0.06 080+ 0.01 4
1239+55 153ig:g§ 0.285f8:88% -114+0.16 047+0.01 29
1239+60 197“_‘8:ﬂ 0.4628:8 -113+0.06 2.069 4
1255-31 565i8:§3 2.84{8:82 -055+016 088+0.03 1.924 NEW
1300-10 3.79%}6§ 0.362:8:8Sg -0.83+008 034+011 36
1308+14 117“_‘8:8? 0.766f8:88g -0.89+0.01 075+ 0.05 1.952 30
1311+55 05@818% 1.5728:88? -0.80+0.01 0.613 4
1312+53 379%:% 0.417‘ﬁ8:8gg -0.57+0.07 062+ 0.04 NEW
1320+39 608%15:2‘3 0.220:8:8gz -0.41+0.06 068+ 0.01 2.985 36
1321+41 279j8:ﬁ 0.455ﬁ8:8§7 -0.78+005 035+0.17 0495 4
1333+45 474f8:%g 0.709f8:8§§ -0.92+0.02 099+ 0.02 2.450 1,8,15,18,21,22,26,L
1333+58 645f8:§8 0.68?8:838 -072+004 071+0.01 1,26,L
1338+38 278’_’86% 0.375f8:88§ -1.19+0.03 045+ 0.04 3.103 4
1347-21 065f8% l.229ﬁ8:886 -0.84+0.01 5,35n,L
1347+09 308’_’8:%9 0.400:8:8%g -0.74+0.02 061+0.23 0.132 NEW
1351-01 399fg:%§ 0.902f8:gglé -036+002 049+0.02 3.707  8,16,18
1352+75 1252¢ 0.371 1.07+0.04 36

1354-17 0427358‘21 2062008 074002

002 0020 3.147  8,11,18,25,34,35f,L
1355+44 175t 0.694 -0.80+0.01 045+0.01

0.646  8,14,17,35¢g

135647 2412%%% 0.719E§f§§§ -050+002 119+ 0.01 0230 NEW

140428 505¢ 23844 1082001  111+001 0.077  1,2,3,8,13,18,26,30,359,36,L
1406-26 81907 131450 -045:004  122+001 243 NEW

141337 22740 04284 -052:008  051+001 2370  NEW

1413:34  Q82gp 194194 0712001  052+003 2,8,15,18,21,22,30
1422:23 406092 06730 -082+001 129+ 0.01 362 126l

142411 165000 024888 1091007 NEW

1427+10 574*_“%2? o.sssfg;ggg -044+001 100+ 001 171 1,2636.L

1430-15 838057 091l -072:003  050+001 1573  NEW

1436144 33500 0310007  -1344005  029+004 210 4

143762 Q5448 30234l ~100+002 1.090 NEW

1440:30  Q69gy 061744 0982002  135:002 NEW

144263 1530g; 06884 -073:004  042+001 1380 NEW

1442:00 202005 020245 0692003 NEW

144210 Q74°gh 268830 -097-001  051+033 3535  2,35811,18.L
1448-23 1707907 04440 -055+004 045+001 2220 NEW

1455:09 316j§:§§ 0.264;§;§§§ ~1.01+0.05 NEW

1503-09  0680%1 15360008 _106+0.10 L,5,33,35

1509+05 1138;33% o.731f83ggg -033+£015 122+0.06
1518+04 177j0-0? 4.153833583 -1.68+001 115+032
1519-27 885“_’8:% 2.004:8388‘21 -047+0.03 036+001
1526+67 5507058 04100087  _107+003 103002

0.084  1,12,26,35¢g,L
1.294 L,3,5,7,8,12,18,33
1.297 6,8,11,15,18,L

-0 0 3.02  1,26L
1528+38 377j§;%§ 0.145%% -0.31+0.02 0.152 29
1532+68 124j8;8§ 0'554:83885 -078+001 123+0.16 4,29
1535+00 L1375 0760487  -061+001  060+003 3.497 NEW
1540-07 Q727gc; 1893353  -0682001 0.172 5,11,35n,L
1555-14 239" 0.698'% -0.76+001 082003 0.097 NEW

_Q. ' 0014
1600+33 087“_‘%% 3.084%%%; -050+001 015+0.08
1601-22 095' 0.9347 —-0.80+0.03

8% 8088
1602r19 27490 0277004 100+ 0.05

1.100 2,3,8,18,35¢g,L
0.141  8,15,18,35n
NEW
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1604+31 287j§;§; 0.774ﬁ§;§§§ -0.74+001 033+0.03
160726 08318;8i 5.335{8;8gg -119+001 103+0.18
1614+05 5028?8 0.843j8;8$s -054+002 113+0.02
1615+02 405+ 0.758" -031+001 051+0.03

8,16,18,23,35f,L
0.473  2,3,7,8,15,18,30,32,35¢c,L
3.217  1,18,26,L

i ki 1341  NEW
162266 526'0  0348gce  -040+004 056002 0.203  1,26,27,28,35n,L
l627:47 L1848 0283458  -076+003 1629 4,29

163085 11068 0565cf 067001 4,29

1656-07 36543 12075 -118+008  021+003 1L

1658:03 45448 024605 -077:011  072:002 NEW

1717:08 57643  06l4uge  -061:003 060+ 001 1185 36

172025 10798 05908 -093+004 225 NEW

1732+09 21&8:22 L1otgeld  -101:001 1032012 3,5,8,16,18,35n,L
173450 G820E 0873408 051005 044002 L,1,26,35
1745167 Q9BYE 065947  -079+003  139:090 4,29

174825 Q6008 1427gce 072001 NEW

175557 17908 0761088  _122.004 083:001 2110 4

1758:38 1515j§;9§ 1.264;%;%%5 -041+011 081+001 2002 1,26

1800+17 125j8;g7 0474008 069003 NEW

181561 08505 088490 071002 136008 0.601 4,29

1816-02  1SI4f 1739057  -097:003  042:006 NEW

1820:30 09345 0624, -077+003 4

182679 S1Lgf 053508 -051:003 063002 0.224 36

1821410 1S3E 097004  -055:002  039+003 1364 NEW

1822:03  08BYE 0589k -077+001 NEW

1823+01 2397 0.987°0 -0.87+003 126048 1771 NEW

1843:35 2505%%2 0.9715%%2 ~120+004 023+0.05
1848:28 102168 143400 -066+002  126+001
1908+23 063" 13020 ~0.89+ 0.03

0.764  8,16,18,35c,L
2.56 1,7,8,18,26,36,L

4% 3008 NEw
1909+26 192’_’8:gg 0.756:8:888 -0.63+0.01 045+ 0.04 NEW
1926+23 4328&3 0.348f8:8§? -0.67+0.03 075+ 0.06 36
1939+81 341f8:6% 0.373:8:88th -0.53+0.04 043+ 0.04 NEW
1943+54 106i8:8% 1.787f8:8831 -0.73+0.01 035+ 0.05 0.263 NEW
1946+70 204f8:8§ 1.0028:88; -0.50+0.02 096+ 0.01 0.101 4,20,27,28
194707 243f8:g3 1.222:8:885 -0.79+0.01 033+0.03 30
2000+47 444f8§% 0.7338:83% -0.27+0.12 100+ 0.01 4,36
2000-33 49&8:8‘1‘ 1.089:8:887 -0.79+ 0.06 096+ 0.04 3.783 8,11,18,25,L
2003+66 0528:8% 1.22{8:883 -0.72+0.01 0.456 29
2005+40 4.06f8:gf 2.957f8:88g -0.38+0.01 027+0.01 1.736 36
2008-06 1228:8% 2.615f8:88 -097+0.01 070+ 0.08 0.547 2,3,5,8,16,18,35g,L
2015-11 4728:?3 0.3738:888 -0.77+0.04 130+ 0.08 36
2019+05 404+ 0.525 -0.85+0.04 084+0.05 1,26,35g,L

2021+61 5915%}3% 2.8755%%2 -050+002 061+001
2022+17 70245 05869 -043:004 0564001
2039+03 282°0 0246009  _121:+005 050+0.28

0.227  3,18,319,35c,36
1.05 1,26,31c,L

OITVO VOO0V ITITDOOTOOOONHOOTOOITITITOOITIOOOOTITIOOITITITITOOOTOOITITOITOOITITOIOOITITIITOOOO D

58 4860 Y
2050+36 l40f8:8% 5'145:8:8% -113+0.01 047+ 0.04 3,8,18,23,35g,L
2107-10 220f9: l.257f8:918 -0.58+0.01 140+ 0.03 NEW
2112-14 7.27%:%2 0.507f8:8§g -054+0.16 016+ 0.28 1.70 NEW
2114+02 33@8:6? 0.282f8:88g -1.34+0.06 058+ 0.07 NEW
2124+64 0728% 2.3168:8% -0.90+0.10 047+0.12 NEW
2126-15 7.12’_’8:gjg 1.388:8:8Ejg -061+002 073+0.01 3.28 2,3,6,7,8,11,13,18,34,36,L
2126-18 104t8:8f 1.432:888; -0.90+ 0.02 033+ 0.06 0.680 19
2128+04 059f8:% 4.694f8:8% -0.85+0.01 107+ 0.53 0.990 2,3,8,13,15,18,35g,L
2128-12 109@8:8? 3.700:8:8gg -059+005 035+0.01 0.501 6
2134+00 Glgfg:% 9.913f8:8gé -0.59+0.02 129+ 0.01 1.932 1,2,3,6,9,11,13,30,319,32,36
2136+14 813’_’8:(]jg 2.155t8:8858 -0.52+0.02 042+0.01 2.427 30,31f
2145+08 118’_’8:82 0.517:8:88g -0.88+ 0.05 2.61 NEW
2145+07 07286 046905  -060+001 NEW
2149+06 361f8:8g 1.089’f8:88sé -049+002 053+0.02 1.364 NEW
2149+05 345f8:gzrt 0.886f8:882 -0.60+0.01 056+ 0.02 0.740 3,5,8,15,18,25,359,36,L
2201+09 458i8:gg 0.311f8:8§4 -1.00+ 0.05 095+ 0.01 1,26,35g
220708 ?m42f8:§1§ 024@8:83% -0.89+ 0.04 144+ 0.36 NEW
2304-23 522’_’8:Sg 0.705{8:8Sg -0.73+0.10 066+ 0.01 36
2310+38 1928:% 0.668f8:8gg -0.62+002 053+0.01 2181 4
2314-34 391fg%8t 0.7238:8?% -1.28+0.05 106+ 0.03 3.100 NEW
2325-15 1066f(]j:8§ 0.825f8:8 -0.58+0.04 022+0.01 2.465 NEW
2328+31 112f8:8§ 1.179:8:852 -0.81+0.01 066+ 0.02 NEW
233726 25&8:?8 1.140i8:89S -0.86+001 061+0.06 L,3,8,15,18,35
2344-19 207“_‘8:88 0.684:8:8%8 -0.63+0.02 044+ 0.03 NEW
2347407 166% 0.385": -0.72+0.03 1.70 NEW

-025 —0.019

117



IAU name Yo So a1 @ Type z GPS References
2351+55 4.42%?; 0.3325:52‘; -048+006 044+0.09 Q 1927 4

2351-00 31&8;&9 0'435t8:88? -051+001 056+0.02 Q 0.462 7

2352+49 071ng8% 2'463:9298% -061+001 043+0.09 G 0.238 2,3,8,35¢g
2356+38 603;8%5 0.668ﬁ8;424 -0.64+0.12 127+ 0.22 Q 2704 29

2357-31 799702, 1.16{0%3 -066+019 084+0.03 Q 0.991 NEW

GPS References:
1 Dallacasa et al. (20002 O'Dea (1998),3 Stanghellini et al. (1998 Marecki et al. (1999)5 Snellen et al. (2002),
6 Tornikoski et al. (2001)7 Dallacasa et al. (19988 de Vries et al. (1997)9 Kovalev (2005),10 Rossetti et al. (2003),
11Edwards & Tingay (2004)12 Xiang et al. (2006)13 Stanghellini et al. (2001)},4 Snellen et al. (1995},5 Gopal-Krishna
et al. (1983),16 Spoelstra et al. (1985),7 Gopal-Krishna & Spoelstra (1993)8 O'Dea et al. (1991)19 Cersosimo et al.
(1994),20 Snellen et al. (1999R1 O'Dea et al. (1990)22 Stanghellini et al. (199023 Becker et al. (1991)24 Kuehr
et al. (1981),25 Wright & Otrupcek (1990)26 Tinti et al. (2005),27 Snellen et al. (1998bR8 Snellen et al. (1998a),
29 Panajian (1998)30 Kraus et al. (196831 Torniainen et al. (2005) (31f - flat, 31g - genuine GPS sousde, - convex
spectra)32 Lister et al. (2002)33de Vries et al. (200784 Jauncey et al. (200335 Torniainen et al. (2007) (35g - genuine
GPS source, 35c - convex spectra, variable, 35f - flat, 358 afllower and steep at higher frequencies, 35n - possib& GP
source but not enough dat&8f Vollmer et al. (2008a)37 Bai & Lee (2005) L Labiano et al. (2007).

5.2 Parsec-scale properties of the RATAN-600 GPS sources
derived from 2.3 and 8.6 GHz VLBI surveys

5.2.1 Morphological classification

We use publicly availabRe2.3 and 86 GHz VLBI data from the VLBA Calibrator Sur-
vey (VCS; Beasley et al. 2002; Fomalont et al. 2003; Kovateal.€2007; Petrov et al.
2005, 2006, 2008) and the Research and Development — VLBA/{RBtrov et al.
(2009); Pushkarev & Kovalev (2008)) project to charactepe-scale properties of 226
GPS sources from the RATAN-600 sample (Sokolovsky et al9286ction 5.1). After
a visual inspection of the naturally weighted CLEAN VLBI iges at both frequen-
cies we have divided the sources into three groups: 1) “mifeaked core” sources,
2) possible Compact Symmetric Objects (CSO) and 3) souritbscamplex pc-scale
morphology.

Just 18 objects from our sample were classified as “compl€&kére is an equal
number of such complex parsec-scale structures amongigsjaxiasars and “empty
fields” - 6 in each of these classes. We found no informatiothéliterature about
VLBI observations of 13 objects from our sample.

There is no significant elierence in the spectral index distributions (both, above
and below the peak) between GPS sources witieidint morphological type. The dis-
tributions of the observed peak frequency of objects witbréejefnaked core” and
CSO-type morphology are significantlyfidirent (Fig. 5.10). KS-test gives probabil-
ity ~ 2 x 107 that this two samples are drawn from the same parent disitriibu
Sources with the “core-jgtaked core” type morphology are characterized by, on aver-
age, higher peak frequency (median vatug5 GHz), then CSO type sources (median
value= 1.9 GHz). This is expected since “core—jet” type sources gshdel more
compact then CSO.

There is no statistically significantfiéirence between the observed flux density
of sources with dferent morphology. This dose not support the conclusion lanii
et al. (2005) that CSO objects are more frequently found anttoem bright sources then

SCompilation of publicly available VLBI data &ittp: //astrogeo.org/images/
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Figure 5.6: Redshift distribution of GPS galaxies and GP&qts from the sample.

among the faint ones. This is, probably, a result of the sieleamethod, by which CSO
objects are found. In general, the strategy of search for &@8ang GPS sources looks
promising.

Contrary to expectation, 5 out of 32 CSO candidates, for wlie have infor-
mation about flux density variability at 11 GHz from RATAN-@Gfonitoring, were
found significantly variable. They are BO7435, B073& 31, B0839-18, B1404-28
and B235%00. For three of them (BO7%B5, B0738-31 and B235100) classifica-
tion as CSO candidate is based only on X band images sinceatdthis sources are
not resolved. It is likely that these three objects are noDCisut “core—jet” sources
with a single bright jet component. This can be confirmed lyriiVLBI observations
which could construct the spectra of individual compongaitsietect a superluminal
motion (which is not expected in a true CSO).

To further distinguish between true CSO and core-jet saungth two dominating
components (a core and a jet feature), we have modeled fibdityidata for all CSO
candidates usin®ifmap package (Shepherd 1997) with two circular Gaussian com-
ponents. We have selected sources which have two compahetietsted at both.2
and 86 GHz images and constructed the spectral indices (betw8eand 86 GHz)
for each component (Fig. 5.8a). The distribution of thiedence between the spec-
tral indices of two components of these sources is presamtdeg. 5.8b. Since two
bright components of a CSO are expected to have close spiedices, we selected
24 sources with spectral indexfiirence between two pc-scale components less than
0.5 as “highly probable CSO candidates”. Example of a neddpiified GPS galaxy
associated with a CSO is presented on Fig. 5.9.

Information about the optical identification for the sowgeeas taken from Véron-
Cetty & Véron (2006) and from the NASHFPAC Extragalactic Database. We found,
with a few exceptions, that CSOs are associated with GP8igaland core-jet sources
are associated with GPS quasars. This is in good agreemtarjngiious results (e.g.,
Stanghellini et al. 2001). The distributions of the obsdrpeak frequency for GPS
sources with dterent optical counterparts and withférent pc-scale morphology are
presented on Fig. 5.10.

GFV oc Y&

119



O T T T T T T G
Q" —e—
vt
02 F §
. [
0.4 F L i o
- o
o . ii - () ¢ e ’
06 - % -iii s.s® I,‘i } T
S i% é ¥ Ei{ s s
B g .i et E E
L s s
! Ty f‘ T ]
n
v
a2t %ﬁi §
1 e
1.4 I I I I I I
-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Figure 5.7: Relation between the variability index at 11 Gz and the high—
frequency spectral index, for galaxies (G), quasars (Q) and unidentified radio sources
(R). The line is a least square fit to the deda~ 1.08(=0.02) v1; — 0.90(x0.002).
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Figure 5.8: Distributions of 3—86 GHz spectral indices of VLBI components of CSO
candidates.

5.2.2 VLBI-scale compactness

The degree, to which the radio source was resolved in a giteBl ¥xperiment can
be quantitatively characterized by the “compactness ihdsich is the ratio of corre-
lated flux density at longest baselines to the total comelfitix density Kovalev et al.
(2005). Compactness of an unresolved source equals ta uhitiye source has no
unresolved details, “compactness index” will be equal twze

Figure 5.11 shows the distributions of the “compactnesexhdbr the RATAN—
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Clean RR mep. Array: BFHKLMNOPS Clean RR map. Array: BFHKLMNOPS
15581409 at 2.267 GHz 1997 Jan 11 J1558-1408 at B.337 GHz 1997 Jan 11
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Figure 5.10: Observed peak frequency distribution for GRl8ces with diferent op-
tical identification and parsec-scale radio structure.

600 GPS sample (Fig. 5.11a) and for the complete sample apiatrum sources (>
—-0.5, Fig. 5.11b) based on VCS data. These distributions arefisigntly diferent.
The GPS sources are, on average, more extended on masksnalmost compact
extragalactic radio sources. This also implies, that GRBces (both, galaxies and
quasars) form a distinct class of extragalactic radio ssyrevhich really dfers in its
physical properties (the liner size) from other compactaadurces.

5.2.3 Magnetic field in the dominating source components

By combining the single-dish spectrum with VLBI angularesmeasurements we can
estimate the magnetic field in pc-scale components of a glicce using simple syn-
chrotron model (e.g., Marscher 1983; Slish 1963, see Sedtid for the detailed dis-
cussion). The VLBA calibrator survey data are available 160 sources from the
RATAN-600 GPS sample. In order to measure the angular siderafnating compo-
nents in these sources, we have modeled the VCS visibility ataX band with one or
two circular Gaussian components using Bimap software (Shepherd et al. 1994).
Circular Gaussian models were preferred to the elliptiogisan order to minimize the
number of free parameters of the model. However, we haveumted the same mod-
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Figure 5.11: “Compactness index” for sources from the RAFAN0 GPS sample (a)
and from the complete sample of flat spectrum sources (b).

eling with one or two elliptical Gaussian components an foadystematic dierence

in the results. Derived FWHM size of each component was pligt by 18 following
Marscher (1983) to account forfterence between the FWHM of a Gaussian fit and
the diameter of a spherical component with the same total flux

In the analysis we have used only the brightest componethigifource was mod-
eled with two components), which was considered as resaeedrding to the cri-
terium proposed by Kovalev et al. (2005); Lobanov (2005). tHa optically thick
regime, the measured source size is a function of frequélioognsure that we measure
the source in the optically thin part part of the spectrumhase analyzed only sources
with peak frequency below 4 GHz. Since we have no informagibaut the Doppler
factor, it was chosen to b= 1.

The distribution of magnetic field estimated in the framewof the above model
is presented of Fig. 5.12. For sources with unknown redghiftted as empty bars)
we choose = 1. The distributions of estimated magnetic field are sigaiftty dif-
ferent for “core—jet” sources and CSO, but that only refl¢isgsdiference in the ob-
served peak frequency distribution between these two suflsa (compare Fig. 5.12
to Fig. 5.10). We estimate the characteristic magnetic fiettle pc-scale components
of GPS sources to bg ~ 10 mG.

5.2.4 Summary

We have investigated the sample of 226 GPS sources seleatedimultaneous multi-
frequency 1-22 GHz observations obtained with RATAN-6@0a#elescope. We use
publicly available data to characterize parsec-scaletire of the selected sources.
Among them we found 121 core dominated sources, 76 Compawein®yric Object
(CSO) candidates (24 of them are highly probable), 16 seunaege complex parsec-
scale morphology. Most of GPS galaxies are characterize€d3®-type morphology
and lower observed peak frequeney1.8 GHz). Most of GPS quasars are character-
ized by “core-jet"-type morphology and higher observediieaquency ¢ 3.6 GHz).
This is in a good agreement with previous results. Howeverfaund a number of
sources for which the general relation CSO — galaxy, cdre-gpiasar does not hold.
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These sources deserve detailed investigation. Assunmgiesisynchrotron model of
a homogeneous cloud we estimate characteristic magnddiérfiparsec-scale compo-
nents of GPS sources to Be~ 10 mG.

5.3 AVLBIselected sample of Compact Symmetric Ob-
ject candidates and frequency dependent position
of hotspots

5.3.1 Introduction

The Compact Symmetric Objects (CSOs) are small (kiloparsec), powerful extra-
galactic radio sources which show emission on both siders attve galactic nucleus
(Readhead et al. 1996b; Wilkinson et al. 1994). In cont@#té majority of compact
radio sources, relativistic beaminffexts are believed to be small in CSOs due to their
orientation close to the plane of the skfhe parsec-scale core which marks position
of the central engine is often weak or not detected at all.eKiatic studies of CSOs
reveal no superluminal motion and suggest source ages ofdee of a few hundred
to a few thousand years (Owsianik & Conway 1998; Polatid30CSOs may be be
progenitors of large-scale Fan#r®Riley type Il radio galaxies (Fanti et al. 1995; Peru-
cho & Marti 2002; Readhead et al. 1996a). To draw solid amichs about properties
of CSOs as a class, it is important to construct a large reptatve sample of such
objects.

An interesting sidefect of a large CSO candidate sample investigation is the pos-
sibility to find a supermassive binary black hole pair (Rgddz et al. 2006; Tremblay
et al. 2009) which can mimic a CSO. It has also been suggdsaetttie CSOs are the
likely hosts of supermassive black hole binaries (Wille¢thle2010).

‘It is interesting to speculate how a CSO aligned with the tihgight would look like. The emission
from such CSO would likely be dominated by the relatividticanhanced jet which would outshine hotspots
and minilobes. Such object would probably be indistingalisa from an ordinary blazar.
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Finally, CSOs may be useful as calibrators for continuumeolstions of other
radio sources due to their stable flux density and low fractigolarization (Taylor &
Peck 2003).

The largest homogeneously selected CSO sample to date SQES sample
by Peck & Taylor (2000). An initial list of candidates for shsample was selected
from Pearson & Readhead (1988) and Caltech—Jodrell BarkofTet al. 1994) VLBI
surveys and from the first VLBA Calibrator Survey Beasleyle{2002). Dedicated
multifrequency polarimetric VLBA observations of the catates were performed to
distinguish between true CSOs and contaminating coreypet sources. The sample
was further extended to the northern and southern extiesyofithe VLBA Calibrator
Survey by Taylor & Peck (2003). Another CSO sample based eVitBA Imaging
and Polarization Survey is being constructed by Trembla}. €2009).

In this section we present a list of CSO candidates selesiad publicly availablg
2 GHz S band) and 8 GHzX band) VLBI data collected in the course of the VLBA
Calibrator Survey (VCS) 1 to 6 (Beasley et al. 2002; Fomatirdl. 2003; Kovalev
et al. 2007; Petrov et al. 2005, 2006, 2008) and the Reseattbavelopment VLBA
program (RDV; e.g., Fey & Charlot 1997; Fey et al. 1996; Regétal. 2009; Pushkarev
& Kovalev 2008). We discuss basic properties of the comsi@ahple of candidates
including an unexpected systematiffdience in CSO component positions measured
at the lower and higher frequencies and an attempt to repeaithis ¢fect with detailed
numerical modeling.

5.3.2 The VLBI-selected sample of CSO candidates and its has
characteristics

Among 4170 radio sources observed in the course of VCS and\RIBY experiments
we have selected a list of 75 CSO candidates which meet tlosvio criteria:

1. S andX band images show two dominating components of comparalgktbr
ness which are presumed to be hotspots on both sides of ddedist.

2. Most of residual emission, if present, is located betwbertwo brightest com-
ponents — this emission may come from the core, mini-lobefsamn the jet
itself.

The second criterium is meant to distinguish CSO from samwgth a bright core and
one-sided jet showing a single jet component comparablaghtness to the core (see
the images of 1458718 in Fig. 4.1 for an example of such structure).

The list of selected sources is presented in Table 5.2. We fodlowed Fomalont
(1999) to estimate errors of the model component parametdrs dual-frequency 2
and 8 GHz naturally weighted CLEAN images of the first thregrses in the sample
are shown in Fig. 5.18 The lowest contour level is chosen at four times the image
rms, plotted contour levels increase by a factors of two. béam is shown in the
bottom left corner of the images. Light blue and orange sipglisate Gaussian model
components 1 and 2 from Table 5.2 respectively..

The information about broad-band radio spectra of the smum@s obtained from
the RATAN-600 multi-frequency 1-22 GHz survey (Kovalev et2002, 1999a) and
data from the literature collected by means of the CATS dedaljVerkhodanov et al.

8Find a compilation of publicly available VLBI data http://astrogeo.org/images/
9The full version of Fig. 5.13 is available electronicallybattp://scan.sai.msu.ru/~kirx/data/
images_of_cso_candidates_v01/
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Figure 5.13: Dual-frequency simultaneous 2 and 8 GHz niiyunseighted CLEAN
images. The lowest contour value ‘clev’ is chosen at fouretinthe rms level, the
peak brightness is given by ‘max’ (lheam). The contour levels increase by factors
of two. The dashed contours indicate negative flux. The beashdwn in the bottom
left corner of the images. An epoch of observation is showthébottom right corner.
Light blue and orange spots indicate Gaussian model conrmi@theand 2 respectively.
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Figure 5.14: Spectral index;, distribution (2 — 8 GHz) for bright CSO components
(F, o< v).

2005). Among the selected CSO candidates we identify 34 Geaked Spectrum
(GPS) sources, 16 steep spectrum sources, 25 flat spectuoesoFor a discussion
of GPS sources observed by RATAN-600 see Sokolovsky et@09R and Sokolovsky
& Kovalev (2008). We consider sources with peaked or steegtsp as the most
promising CSO candidates.

Among 75 selected candidates, 13 are part of the COINS CSPlsdReck & Tay-
lor 2000) and three more sources are listed as rejecteddatedifor the COINS sam-
ple on the basis of their parsec-scale spectra and polarizatoperties. Two of them
(0354057, 1734-063) have flat single-dish spectra while the third sourc898887)
shows spectral peak al.2 GHz. The latter source is an important example of a kind of
GPS quasar with core-jet morphology which may contamin&®® Gamples including
the one presented in this paper.

Optical identifications and redshifts of 33 CSO candidatesaxailable from the
Veéron-Cetty & Véron (2006) catalog: 24 of them are quasdrare active galaxies
and 2 are BL Lac type objects. Quasars are intrinsicallyhbeigin optical band and
therefore, they are more likely to be detected comparedtio galaxies (similar #ect
for GPS sources was reported by Sokolovsky et al. 2009). Mexvere expect that at
least half of the CSO candidates presented in this papesaceiated with quasars.

5.3.3 Properties of the dominating parsec-scale component

As described above, we have selected sources which shovwwemigominating com-
ponents both at 2 and 8 GHz. We associate these componelntsoispots at opposite
ends of a two-sided jet. In order to quantify position, fluxnsigy and size of the
hotspots, each source was modeled in the visibility plandéwwycircular Gaussian
components using theifmap software (Shepherd et al. 1994).

The distribution of the two-point simultaneous 2-8 GHz gmdéndex of the com-
ponents is presented on Fig. 5.14. It shows values in theerfrom —2.0 to +0.95 with
the median of-0.66. It is evident that most of the observed components indleesed
CSO candidates have spectral indexes not typical for flatispm cores.

Similarity of broad-band spectra of parsec-scale featigesxpected to be one
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Figure 5.15: Absolute elierence between 2-8 GHz spectral index of the components 1
and 2 for objects of diierent spectral type as presented in Table 5.2.

of the most important indications of a true CSO. To estaliss similarity, multi-
frequency VLBI follow-up observations of the selected ségf not-yet-confirmed
CSO, similar to the study by Peck & Taylor (2000), are needaainparison of two-
point simultaneous 2—8 GHz spectral indices available fommmodeling is not Sfi-
cient. However, it may provide a hint on a probability for aism to be a true CSO,
since majority of true CSO sources (e.g., from the COINS dahgre found to have
similar 2-8 GHz spectral indiceg; andas, for the two brightest parsec-scale com-
ponents (Table 5.2). At the same time, a typical core-jetcmis expected to show
significantly dfferent spectral indices (absolutefdrence about or greater thary
due to the flat radio spectrum of the synchrotron self-alembdore and steep-spectrum
synchrotron radiation of optically thin jet features. Hig.15 presents a distribution
of the absolute dierencda; — 7| of the indices for sources in our sample separated
on the basis of their single-dish radio spectrum type — Se8p versus flat. Indeed,
our assumption is confirmed. The mediaffetiences are 0.73 and 0.48 for the flat and
GPSsteep sub-samples respectively. The Kolmogorov-Smiraests tconfirms that the
distributions are dferent at the 96 % confidence level. Most of the core-jet sauree
not true CSO — are expected to be found within the flat-spetsub-sample of the
selected sample of CSO candidates.

We have also estimated the brightness temperature of thearmnts at 8 GHz
which is found to be typicallyT, ~ 10° K in the observer’s frame (see Table 5.2 and
Fig. 5.16) — systematically lower than the one measurederptirsec-scale cores of
typical bright extragalactic Doppler-boosted core-jatrses (e.g., Kovalev et al. 2005;
Pushkarev & Kovalev 2010).

5.3.4 Frequency dependent component position

Interestingly, we found that distances between the two datirig parsec-scale compo-
nents are systematically larger when measured at 8 GHzltlhae measured at 2 GHz
(see Fig. 5.17 for a distribution of these values). The méfiardnce is @4+ 0.07 mas
while the median value is.89 mas if all 75 CSO candidates are considered. We did
not recalculate this value in the source frame since mangcesun our sample have
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Figure 5.16: Brightness temperature distribution (meadat 8 GHz) for bright CSO
components.

no redshift information available. The sign test (e.g., Bemhall et al. 1989) con-
firms that the observed mediarffdrence is indeed greater than zero with a probability
> 99.99%. The sign test was chosen because it is a non-paranestiaridd makes
very few assumptions about the nature of the distributiahenimvestigation. Fig. 5.18
illustrates it as a function of component distance measar&GHz for all CSO can-
didates, flat- and GRSteep-spectrum candidates. The correlation analysisatet

a positive correlation between thgBA5Hz distance dierence and the distance mea-
sured at 8 GHz with the Pearson’s correlationfiogntr = 0.33 which corresponds
to 99.57 % probability of true correlation.

The observed frequency dependerffadtence in component positions could be
trivially explained as the well known “core shift'fiect (e.g., Kovalev et al. 2008b;
Lobanov 1998b) if the presented sample of CSO candidatesagilli contaminated
with core-jet type sources where one of the observed twdbcigmponents is actually
a core instead of a hot spot. Spectral index of a componenidie flat or inverted
(e = 0)ifitis a core, so one may expect a positive correlationveena and the dis-
tance diference. However, no such correlation is observed. Alsoone@lation was
found betweerm, and the observed distancdtdrence. Moreover, most of the dom-
inating parsec-scale features have steep spectral indimbselatively low brightness
temperatures which is not typical for Doppler boosted opguarsec-scale cores.

To further test the core shift possibility, we have dividbe CSO candidates in
two groups based on their single-dish radio spectra sintvldhe analysis presented
in Fig. 5.15. The first group contained flat-spectrum souwekiEeh are more likely
to be blazars with core-jet type morphology. The second griogluded sources
with peaked and steep spectra which are more likely to be @8©. For the flat-
spectrum group the mean positiorffdrence was found to be4B + 0.08, median
value 033 with > 99.99 % probability that the median value is greater than zeas. F
the GP$steep spectrum group the meafielience is 314+0.09, the median value 89
with 99.8 % probability of it being higher than zero. A Kolmmgv-Smirnov test can-
not exclude the possibility that the frequency dependesitipo diferences observed
in flat-spectrum and GPSeep-spectrum sources are drawn from the same parent dis-
tribution (p = 65.2%). This implies that either most of the flat spectrum sosince¢he
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Figure 5.17: Diference in distances between two dominating source com somea-
sured at 2 and 8 GHz. The median value of the distributior38 @hich is significantly
(99.9997 % probability according to the sign test) gredtantzero.

presented sample are true CSOs, or most of the p¢stkeg-spectrum ones are in fact
core-jet sources (which seems unlikely), or this is an, elgservational @ect which
affects both CSO and core-jet sources in a similar way.

Itis widely accepted (e.g., Ostorero et al. 2010; Stangthielt al. 1997b) that CSOs
are often found among GPS sources identified with galaxesgposed to blazars).
In the presented sample of CSO candidates there are only fedBurces associated
with galaxies which is not enough for a statistical analydtowever, we note that
among these five sources (which should be considered th€B&3icandidates), four
have a positive dierence between component distances measured at 8 and 2 GHz.

Overall, it seems highly unlikely that the systematiffelience in component po-
sitions at 2 and 8 GHz in the selected sources can be atuliboitithe core shift #ect
in core-jet type sources contaminating the CSO candidatgplga Intrigued by the
observed ffect, Sokolovsky et al. (2010c) have turned to detailed nigalemodeling
in search for an explanation.

5.3.5 Summary

We have selected a sample of 75 candidate compact symmigjieict® using simulta-
neous 2 and 8 GHz VLBI data for 4170 extragalactic radio sesiftom VLBA Cali-
brator Survey and Research and Development VLBA projeatsorg the candidates
we have identified 34 GPS, 16 steep-spectrum, and 25 flatraperadio sources. The
median two-point 2-8 GHz spectral index for dominating parscale components is
found to be—0.66 while median brightness temperature is of an order §fKLOA
multi-frequency follow-up VLBI study of the whole selectsdmple is necessary to
confirm true CSO cases.

A systematic diference in distance measured at 2 and 8 GHz between the outer
CSO components (presumed to be associated with hotspasjetected. The 8 GHz
distance is found to be larger for most sources. Even if soi®® Candidates are
misclassified and have a core-jet parsec-scale morphabogyanalysis rules out the
apparent frequency dependent shift of the core positioh@sause of the observed
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effect. Two possible mechanisms responsible for the obsemVedt @re suggested:
the “physical” mechanism related to particle acceleratina shock wave associated
with the hotspot and the “observational” resulting from fietent amount of blending
between the compact hotspot and extended jet structuret diifferent angular reso-
lution at diferent frequencies. A numerical modeling of a CSO hotspotowaducted
by Sokolovsky et al. (2010c) but failed to reproduce the nitage of the observed
difference with the above scenarios. However, the model sweghtst observational
blending dfect as the dominating mechanism responsible for the podiitterence.
A more detailed modeling and dedicated simultaneous medjifency VLBI observa-
tions are needed to determine exact origin of the hotspdtiposlifference fect.
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Table 5.2: List of CSO candidates selected from VCS and RDVests

Name Comp" Fs™ (Jy) K™ @Qy) oV RV M (mas) T x"" " (K) Dx""(mas) Dx-Ds"" (mas) optX = Comment§'

J0029-3456 1 1181+ 0.129 (0595+0.086 -0.52 188+ 0.04 41x10° 2911+0.13 034+014 a 0.517 COINS, GP{,=1.41
2 0846+ 0.112 (0229+0.068 -0.99 288+ 0.26 67 x 10

J0108-0037 1 B335+ 0.064 0222+0.032 -031 126+ 0.03 34x1¢° 5.05+0.04 -022+014 q 1.378 STEEP
2 0170+ 0.046 Q096+ 0.021 -0.44 127+ 0.07 14x 10

J01113906 1 0496+ 0.030 Q572+0.112 +0.11 167+ 0.07 50 x 10° 5.22+0.04 -013+004 . ... COINS, GP$,=4.64
2 0400+ 0.027 0254+0.052 -0.35 056+ 0.03 19x 10

JO12%47323 1 0266+ 0.030 Q096+0.019 -0.78 151+ 0.08 10x 1¢® 14.00+ 0.25 001+026 . ... Gp&-xv
2 0110+ 0.021 Q013+0.008 -1.59 125+ 049 >21x10

J0132-5620 1 0460+ 0.045 Q290+0.033 -0.35 051+0.01 27 x10° 1211+ 0.05 o87+006 . ... COINS, GP$,=3.01
2 0381+0.041 Q039+0.013 -1.72 087+0.10 12x 10

J0204 6246 1 1114+ 0.099 (0645+0.056 -0.41 073+ 0.01 29x 10° 2183+ 0.05 117+006 . ... GPS,=2.50
2 0328+ 0.054 Q058+0.017 -1.31 085+ 0.09 19x 1¢°

J0209-2932 1 0363+ 0.040 Q115+0.024 -0.87 144+ 0.07 13x10° 7.82+0.05 047+ 0.08 q 2.195 STEEP
2 0101+ 0.021 (Q063+0.016 -0.36 073+ 0.06 28x 10°

JO304-7727 1 0321+ 0.034 Q123+0.022 -0.73 079+ 0.03 48 x 10° 1041+ 0.06 023+007 . ... GP&!-xvi
2 0489+ 0.041 Q117+0.027 -1.08 216+0.12 61x 10

J04006-0550 1 0345+ 0.046 Q361+0.038 +0.03 038+ 0.01 60x 10° 6.68+ 0.03 029+ 0.09 q 0.761 COINS-REJ, FLAT
2 0112+ 0.026 Q068+0.017 -0.38 078+ 0.06 27 x 10°

J0424-0204 1 0463+ 0.073 Q494+ 0.047 +0.05 034+0.01 10x 10 15,51+ 0.07 060+ 0.08 q 2.056 STEEP
2 0510+ 0.077 Q035+0.013 -2.03 080+0.13 13x1¢°

J0429-3319 1 0449+ 0.030 Q271+0.034 -0.38 070+ 0.01 13x 10 7.25+0.02 042+003 . ... STEEP
2 0150+ 0.017 Q079+0.018 -0.49 041+ 0.04 11x 10

J0440-4333 1 228+0.189 1809+0.195 +0.29 033+0.01 40x 10° 3644+ 243 085+ 243 q 2.852 FLAT
2 1065+ 0221 Q278+0.326 -1.02 612+ 4.85 18 x 10’

J0511+0110 1 0133+ 0.028 Q168+0.026 +0.17 064+ 0.02 98 x 1¢° 2377+0.22 102+026 . ... FLAT
2 0.098+0.025 (Q039+0.018 -0.71 214+ 0.45 20x 10

J0518-4730 1 0556+ 0.042 Q156+0.035 -0.96 122+ 0.07 25x 10° 3.36+0.04 -021+005 . ... COINS, GP$,=2.17
2 0382+ 0.034 (Q134+0031 -0.79 082+ 0.05 48 x 1C°
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J06206-2102

J0736-2604

JO7534231

J0814-1806

J0821-0323

J0842-1835

J0932-6507

J0935-3633

J1008-0933

J1035-5040

J1035+5628

J1036-0605

J1110-1858

J1143-1834

J120%2754

J1213-1003

1

0433+ 0.060
0.375+ 0.056
0107+ 0.026
0.188+ 0.034
0235+ 0.036
0.465+ 0.051

225+ 0.028
0.105+ 0.019

343+ 0.048
0.134+ 0.030
0506+ 0.063
0.381+ 0.055
0154+ 0.038
0.178+ 0.053
0092+ 0.014
0212+ 0.021

607+ 0.039
0.061+ 0.014
0234+ 0.022
0.099+ 0.015
0913+ 0.124
0.846+ 0.121

Q46+ 0.018
0.305+ 0.026

719+ 0.058
0.146+ 0.026
0189+ 0.024
0.166+ 0.022
0504+ 0.064
0.202+ 0.042

Q20+ 0.022

Q158+ 0.027
0082+ 0.021
0237+ 0.025
Q073+ 0.014
0199+ 0.022
Q072+ 0.018
0110+ 0.027
Q018+ 0.012
0118+ 0.026
Q058+ 0.018
0371+ 0.057
Q093+ 0.032
0124+ 0.022
0028+ 0.016
0121+ 0.015
Q076+ 0.012
0212+ 0.025
Q067+ 0.014
0129+ 0.018
Q032+ 0.012
0383+ 0.065
0268+ 0.071
0271+ 0.028
Q091+ 0.017
0183+ 0.029
Q057+ 0.016
0101+ 0.024
0086+ 0.022
0334+ 0.031
Q043+ 0.017
0213+ 0.019

-0.77
-1.16
+0.61
-0.72
-0.13
-1.42
-0.54
-1.32
-0.81
-0.63
-0.24
-1.07
-0.16
-141
+0.21
-0.78
-0.66
+0.07
-0.45
-0.86
-0.66
-0.87
+0.47
-091
-1.04
-0.71
-0.48
-0.50
-0.31
-1.17
+0.44

077+0.03
124+ 0.09
018+0.01
059+ 0.03
049+ 0.01
185+ 0.12
173+0.13
228+ 0.77
095+ 0.05
069+ 0.08
046+ 0.01
084+0.10
050+ 0.03
220+ 0.66
045+ 0.01
060+ 0.02
097+ 0.02
041+0.03
055+ 0.02
189+ 0.27
145+ 0.05
231+ 0.16
064+ 0.01
071+0.03
146+ 0.04
141+ 0.13
044+ 0.05
051+ 0.06
039+ 0.01
229+ 0.35
019+ 0.01

65x 108
13x10°
18x 10
51x 10°
20x 10°
51x 10
89 x 107
>85x 10°
32x1C°
29x 1C°
42 x 10°
32x1C°
12x10°
14 x 10
14x10°
51x 10°
55x 10°
96 x 1C°
10x 10°
21x 10
44 x 10°
12x10°
16x 10°
44 % 108
21x1C°
69 x 10
13x10°
79x 108
53x10°
20x 10
14 x 10

26.87+0.05

591+ 0.02

8.70+ 0.06

2317+0.39

5.69+ 0.05

1201+ 0.05

40.32+0.33

4.96+ 0.01

7.73+0.02

1015+ 0.13

3230+ 0.09

8.38+0.02

1575+ 0.07

6.89+ 0.04

1018+ 0.18

7.27+0.05

139+ 0.07

022+ 0.09

-0.49+ 0.07

—-0.00+ 0.40

043+ 0.10

179+ 0.06

-0.27+ 0.44

016+ 0.03

031+ 0.07

000+ 0.14

103+ 0.10

077+0.03

-0.43+0.10

-0.14+ 0.05

049+ 0.20

028+ 0.08

COINS, GP3,=1.51
FLAT

COINS, GP&,=1.01
STEEP

GPSy=1.46
COINS-REJ, GP&=1.17
STEEP

FLAT

FLAT

FLAT, GPS-REJ
GP$,,=1.08
GPS,=4.50
STEEP, GPS-REJ
COINS, FLAT

FLAT

FLAT
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J1224-0330

J1247#6723

J1248-1959

J1259-5140

J1302-6902

J131%1417

J1319-0049

J13206-0140

J1324-4048

J1335-5844

J1350-2204

J135%44353

J13584737

J14436332

J1451+1343

NN Na N NN NG NN G

=

NN BN LN LN

0.182+ 0.027
0262+ 0.027
1021+ 0.053
0147+ 0.016
0.104+0.014

B34+ 0.274
0.789+ 0.227
0113+ 0.020
0.069+ 0.016
0122+ 0.032
0.043+0.019
0727+ 0.079
0.148+ 0.035

@45+ 0.039
0.156+ 0.032
0258+ 0.039
0.202+ 0.038
0367+ 0.029
0.282+ 0.026
0199+ 0.027
0.493+ 0.043

627+ 0.050
0.401+ 0.045
0431+ 0.043
0.294+ 0.037
0453+ 0.029
0.156+ 0.017
0192+ 0.029
0.536+ 0.048
0186+ 0.048
0.231+ 0.055

Q075+ 0.015
0368+ 0.035
0284+ 0.031
Q091+ 0.016
Q047+ 0.011
0488+ 0.144
0381+ 0.202
0396+ 0.027
Q019+ 0.006
0151+ 0.021
0021+ 0.008
0139+ 0.025
0101+ 0.021
0208+ 0.028
Q046+ 0.025
0330+ 0.037
Q098+ 0.044
0126+ 0.017
0118+ 0.016
0432+ 0.040
Q171+ 0.027
0191+ 0.026
Q056+ 0.022
0227+ 0.033
0105+ 0.021
0166+ 0.024
Q056+ 0.014
0320+ 0.028
Q068+ 0.016
Q077+ 0.016
Q073+ 0.016

-0.68
+0.26
-0.97
-0.36
-0.60
-0.76
-0.55
+0.95
-0.96
+0.16
-0.55
-1.25
-0.29
-0.13
-0.92
+0.19
-0.55
-0.81
-0.66
+0.59
-0.80
-0.77
-1.50
-0.49
-0.78
-0.76
-0.78
+0.39
-1.57
-0.66
-0.87

219+ 0.10
020+ 0.01
087+0.01
085+ 0.03
068+ 0.05
280+ 0.25
457+ 1.09
015+ 0.00
085+ 0.10
042+ 0.01
084+ 0.15
106+ 0.04
079+ 0.04
057+ 0.02
327+0.83
035+ 0.01
371+ 0.66
062+ 0.02
059+ 0.02
043+0.01
117+ 0.03
102+ 0.02
266+ 0.41
194+ 0.04
173+ 0.08
102+ 0.03
064+ 0.05
024+ 0.01
149+ 0.09
047+ 0.04
093+ 0.06

38x 10’
23x 1010
91x1C°
30x 1C°
25x 108
15x 10°
44 x 10
43 % 10%
65x 10
21x10°
73x 10
30x 1C°
39x1C°
15x 10°
11x 10
64x10°
17 x 10
79x 108
82 x 10°
55x 10°
30x 1C°
44 x 108
19x 10
15x 10°
84 x 10
39x1C°
33x1C°
13x 10t
74 x 10
84 x 1C°
21x 108

3.54+0.01

7.69+0.03

20.08+0.56

1998+ 0.05

1632+ 0.07

3.62+0.03

4573+ 042

2916+ 0.33

542+ 0.01

1288+ 0.02

2748+ 0.21

1116+ 0.04

6.26+ 0.03

8.48+0.04

2710+ 0.03

068+ 0.02

062+ 0.04

134+ 0.62

012+ 0.10

-0.27+0.31

-0.38+ 0.08

040+ 0.43

096+ 0.35

010+ 0.02

-0.10+ 0.03

009+ 0.21

-0.23+ 0.06

092+ 0.04

041+ 0.05

-0.16+ 0.15

0.57

1.952

0.892

1.232

0.495

FLAT

GPS

STEEP

FLAT

FLAT

COINS, GP&,=1.17

STEEP
FLAT
GPS$,=2.79
GPS/=6.45

GPS/,=0.65

COINS, GP$,=1.75

GPS,=2.41
GPS,=1.53

STEEP



GET

J1503-0917

J1543-0757

J1558-1409

J1602-2418

J1609-2641

J1656-0206

J1734-0926

J17340621

J1742-1517

J1819-0258

J1921+4333

J1929-0507

J1933-1504

J1935-1602

J1935-8130

J19445448

0337+ 0.035
0.071+0.017

D80+ 0.159
0439+ 0.107

309+ 0.033
0.227+ 0.028
0068+ 0.010
0174+ 0.016
2180+ 0.305
1734+ 0.284

090+ 0.025
0.365+ 0.052
0902+ 0.059
0.637+ 0.049
0819+ 0.062
0.524+ 0.050

064+ 0.039
0.143+ 0.057

885+ 0.077
0.833+0.079
0110+ 0.014
0.152+0.017
0194+ 0.036
0.247+ 0.039
0143+ 0.024
0.224+ 0.030

202+ 0.030
0.069+ 0.018
0355+ 0.034
0.181+ 0.024
1019+ 0.152

0185+ 0.023
Q009+ 0.005
0487+ 0.138
0130+ 0.064
0156+ 0.021
0136+ 0.019
Q093+ 0.013
Q068+ 0.012
Q406+ 0.059
0284+ 0.096
0190+ 0.027
0113+ 0.069
0305+ 0.040
0196+ 0.032
Q701+ 0.051
Q177+ 0.029
0109+ 0.015
Q058+ 0.014
0354+ 0.071
0247+ 0.148
0114+ 0.019
Q084+ 0.017
0107+ 0.023
0062+ 0.033
Q095+ 0.024
Q031+ 0.015
0137+ 0.021
0118+ 0.020
0142+ 0.025
Q083+ 0.019
0309+ 0.051

-0.45
-1.56
-0.60
-0.92
-0.52
-0.39
+0.24
-0.72
-1.27
-1.37
+0.56
-0.89
-0.82
-0.90
-0.12
-0.82
+0.40
-0.69
-0.70
-0.92
+0.03
-0.45
-0.45
-1.05
-0.32
-1.50
-0.29
+0.41
-0.69
-0.59
-0.90

089+ 0.02
077+0.20
436+ 0.34
360+ 0.78
064+ 0.02
080+ 0.02
055+ 0.02
094+ 0.03
118+ 0.03
358+ 0.39
036+ 0.02
577+ 173
099+ 0.02
106+ 0.03
035+ 0.00
131+ 0.04
020+ 0.01
193+ 012
198+ 0.09
591+ 170
124+ 0.04
139+ 0.06
042+ 0.04
310+ 0.75
046+ 0.05
082+0.21
033+ 0.02
092+ 0.03
064+ 0.03
057+ 0.04
103+ 0.03

57 x 108
> 3.7x 10
62 x 10
24 x 10
94 x 1C°
51x 108
74x 10°
18x10°
71x 10°
53x 107
35x 10°
82x 1P
74 % 10°
42 x 108
14 x 10
25x 1C°
> 6.7 x 10°
37x 10
22x 108
17 x 10
18x10°
11x 108
14x 10°
16x 10
11x10°
>11x1C
30x10°
33x 1C°
83x 1C°
62x 1C°
71x 108

1308+ 0.10

4569+ 043

6.80+ 0.01

7.30+0.02

49.61+0.20

36.19+ 0.87

1392+ 0.02

3.81+0.02

3874+ 0.06

1624+ 0.85

3.31+0.04

1208+ 0.38

7.65+0.11

1028+ 0.02

10.05+0.03

40.78 + 0.05

060+ 0.17

234+ 0.47

-0.22+0.03

002+ 0.04

096+ 0.21

-0.62+0.88

121+ 0.02

033+ 0.02

092+ 0.57

025+ 0.85

-0.15+ 0.05

122+ 0.39

125+ 0.13

043+ 0.13

083+ 0.04

182+ 0.11

a  0.097
q 2.00

q  1.207
q  1.460

STEEP
GPS,=0.72
GP$,=2.39

FLAT

GPS,,=0.83
STEEP

COINS, GP$;,=2.18
COINS-REJ, FLAT
FLAT X1
GPS,=1.51

FLAT

FLAT

STEEP

FLAT

GPS=3.41

COINS, GP$,=1.06
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J19506-0807

J195%5727

J2022-6136

J2120-6642

J2123-1007

J213%-8430

J213%43455

J2203+1007

J2253-0236

J2254-0054

J23333901

J2347-1856

J2355-2125

J2358-1955

NELENEN AN AN ESEN AN A NLSN AN LN LN

NN N

0.448+ 0.098
0904+ 0.087
0.658+ 0.074
0341+ 0.043
0117+ 0.026
1244+ 0.140
1489+ 0.152
0166+ 0.019
0.119+ 0.016
0446+ 0.048
0.095+ 0.022
0341+ 0.036
0.222+ 0.029
0211+ 0.028
0.125+ 0.022
0156+ 0.032
0.115+ 0.027
0196+ 0.020
0.047+0.010
0214+ 0.041
0.188+ 0.039
0368+ 0.060
0.325+ 0.059

@93+ 0.054
0.333+ 0.045

305+ 0.030
0.219+ 0.025
0581+ 0.048
0.262+ 0.033

0100+ 0.029
Q474+ 0.045
0215+ 0.031
Q176+ 0.027
Q027+ 0.017
2132+ 0.129
0852+ 0.082
Q094+ 0.016
Q051+ 0.012
0119+ 0.033
0117+ 0.020
0131+ 0.018
Q034+ 0.011
Q084+ 0.019
0031+ 0.014
0146+ 0.026
Q055+ 0.017
Q090+ 0.017
Q061+ 0.014
0199+ 0.026
Q087+ 0.029
0178+ 0.030
Q085+ 0.032
0167+ 0.040
0127+ 0.035
0226+ 0.025
0071+ 0.014
0341+ 0.036
Q081+ 0.028

-114
-0.49
-0.85
-0.50
-112
+0.41
-0.42
-0.43
-0.64
-1.00
+0.16
-0.72
-141
-0.70
-1.06
-0.05
-0.56
-0.59
+0.19
-0.06
-0.59
-0.55
-1.02
-0.82
-0.73
-0.23
-0.86
-0.40
-0.89

090+ 0.09
052+ 0.01
071+0.02
101+ 0.03
251+ 0.84
054+ 0.00
062+ 0.01
058+ 0.02
050+ 0.04
321+0.24
041+0.03
071+0.02
181+0.18
071+ 0.06
211+ 041
099+ 0.04
127+ 0.13
079+ 0.04
050+ 0.05
041+0.01
280+ 0.32
085+ 0.03
268+ 0.37
102+ 0.07
105+ 0.09
073+0.01
157+ 0.08
059+ 0.01
274+ 0.32

30x 1C°
42 x 10°
10x 10°
42 x 10°
10x 10’
18 x 10t
53x 10°
67 x 1C°
49 % 1C°
28 x 10
17 % 10°
63x 1C°
25x 10
40x 108
17 % 10
36x 1C°
82 x 107
35x 1C°
>59x 10
28x 10°
27 x 10
59x 1C°
29x 10
38x 1C°
28x 1C°
10x 10°
69 x 10
24x10°
26 x 10

2210+ 0.01

1309+ 0.42

6.94+ 0.00

10.02+ 0.02

9.54+0.12

1393+ 0.09

6.99+0.21

10.06+ 0.07

3329+ 0.03

1350+ 0.16

4545+ 0.18

3324+ 0.06

2082+ 0.04

1427+ 0.16

103+ 0.03

035+ 0.43

039+ 0.03

046+ 0.04

031+0.15

-0.26+ 0.10

027+0.21

052+ 0.16

118+ 0.07

063+ 0.19

056+ 0.20

-0.07+ 0.07

—-0.02+ 0.05

050+ 0.16

q

b

q

q

GPS,=2.43
STEEP

COINS, GP#,=5.91
FLAT

STEEP

STEEW! XVI

FLAT

COINS, GP$,,=4.58
FLAT

FLAT

FLAT

GP&! v,,=2.07
GPE! XV

STEEP
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'Source J2000 epoch name. Precise VLBI positions of theseemmay be obtained frohttp: //astrogeo.org/rfc/
I'Component number. Each source was modeled with two cirGaaissian components. The first component is the one whiciyistér at 8 GHz.

WEy (Fs) is the component flux in Jansky measured at 8 GHz (2 GHz).

Vo is the component spectral index between 2 and 8 GHz.

VRy is the component size (FWHM of the Gaussian model) in mieconds measured at 8 GHz.

VITy, x is the component brightness temperature in Kelvin measatr8dsHz.

VIl Dy is the distance in milliarcseconds between CSO componegdsumed at 8 GHz.
Vil by — Dg is the distance dierence (milliarcseconds) between CSO components meast8aahd 2 GHz.

X opt. — optical classification according to Véron-Cetty &ish (2006): 'q’ stands for quasar, 'a’ is an active galakyjs a BL Lacertae type object.

Xz — redshift from Véron-Cetty & VVéron (2006).

XlComments: COINS — the source is part of the COINS sample (Reékekylor 2000); COINS-REJ — the source was considered as didate for the COINS sample but was rejected
(Peck & Taylor 2000); GPS — GPS source, part of the RATAN-6BBGample Sokolovsky et al. (2009) (unless stated othénfisehese sources approximate spectral peak frequency
(in GHz) is indicated; GPS-REJ the source was reported ifitdrature as a GPS candidate but was not confirmed by RATBOlebservations; STEEP — steep spectrum source, FLAT
— flat spectrum source.

Xl To distinguish between resolved and unresolved compomentse the criterium proposed by Kovalev, Kellermann, kcjdé@man, Vermeulen, Cohen, Ros, Kadler, Lobanov, Zensus,

Kardashev, Gurvits, Aller, & Aller 2005)y > HPBW,/%nz In S,S\l'\F‘fl wherey is the component best-fit angular size, HPBW is the Half Pd@®eam Width, SNR is the signal to noise
ratio of the component.

X' No RATAN-600 observations available for this source.

XIV Reported as GPS by Marecki et al. (1999).

XV Reported as GPS by Volimer et al. (2008b).

XVIgpectral classification based on non-simultaneous literatata collected by the CATS database (Verkhodanov e0@5)2

XVl isted as the confirmed CSO by Taylor & Peck (2003).




5.4 +y-ray counterparts of candidate young radio sources
seen edge-on

As discussed in Chapter 4;ray radiation from extragalactic sources is usually asso-
ciated with relativistic jets aligned with the line of sigh®hort-timescale variability
observed in many-ray-bright AGN also suggest that the radiation is relatically
beamed: the time dilationfiect allows to reconcile the expected size of structures
responsible for AGN emission with the observed variabtiityescale.

There are a few exceptions: 11 non-blazar AGNs were recdatgcted byermyLAT,
including 7 FRI and 4 FRII radio galaxies (Fermi-LAT Collahtion 2010).y-ray ra-
diation not associated with AGN activity was recently degddrom the two starburst
galaxies M82 and NGC 253 (Abdo et al. 2010g). However, thégects still form a
very small fraction of extragalacti¢ray sources known to date.

We have attempted a searchferay counterparts of candidate young radio sources
described in Sections 5.1 and 5.3 in the Fermi Large Areastefee First Source Cat-
alog (1FGL; Abdo et al. 2010e). The results are not unexpe®ene of the candidate
CSOs selected on the basis of parsec-scale morphologyd®&cB) is found within
the 95% confidence localization region of an 1FGL source. Agrtbe GPS candidates
selected on the basis of their convex single-dish spectf&aution 5.1) three objects
were identified withy-ray sources: quasars PKS 044D, PKS 115#215 and the
BL Lac-type object PKS 151273 (Abdo et al. 2010e). It is likely that these three
sources are in fact relativistically-beamed blazar-ty@NAwhich show GPS-type ra-
dio spectrum only temporary.

The non-detection of the selected candidate sourcesays confirms that the cri-
teria used to select candidates are reliable and allow wetdify members of a pop-
ulation distinguished from the majority of compact extriagtic sources with compa-
rable levels of radio flux. The reality of the distinction is@asupported by two facts.
First, radio sources selected on the basis of their convegtspn are less compact
(Section 5.2) then typical extragalactic sources whichdaetected iny-rays (Kovalev
2009; Kovalev et al. 2009). Second, brightness tempemniréthe dominating radio
components of CSO objects (Section 5.3) are systematilallgr then thouse asso-
ciated with radio cores dfermyLAT-detected blazars (Kovalev 2009; Kovalev et al.
2009; Linford et al. 2010). The non-detection of the seléaandidate young radio
sources which are expected to be not aligned with the linegbit $s consistent with
the idea that-ray emission of blazars is associated with a relativifijidaeamed jet
aligned with the line of sight. We observe this section of jiteas the compact core
which is weak or absent in CSO sources but is the dominatimgepescale feature of
v-ray-detected blazars.

5.5 Chapter summary

In this chapter we have presented two samples of candidategyadio sources aligned
at large angles to the line of sight. The larger sample desdrin Section 5.1 was
selected on the basis of single-dish radio spectra. Dedpitese of multi-epoch ob-
servations to select the candidates, the resulting samgyesiill be significantly con-

taminated with relativistically beamed blazars showingkssl radio spectrum during a
flare. The second sample presented in Section 5.3 was sktattbe basis of parsec-
scale morphology using the large archive of geodetical ViBtia. However, some
contamination with relativistically beamed sources i®alsssible in this sample. An
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interesting &ect of the frequency-dependenffdrence in position of hotspots associ-
ated with young radio sources is identified. TlHieet deserves detailed investigation
with dedicated multifrequency VLBI observations. The séargelected on the basis
of their parsec-scale morphology is expected to be a “clédiseof candidate young
radio sources compared to the radio spectrum-selectedsavhjch is confirmed by
the non-detection of-ray emission from the selected candidates.
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Chapter 6

Conclusions

We analyzed simultaneous multi-frequency VLBA observadiof 38 extragalactic ra-
dio sources (blazars) observed in the course of two progrargg core shift” sample
(nine frequencies in.4-154 GHz range) and “brighy-ray blazars” sample (seven
frequencies in $-432 GHz range). A novel technigue is developed applied to ex-
tract spatially resolved spectra from VLBI data (Chapter Zhe spectral turnover
attributed to synchrotron self absorption has been datéctearsec-scale core regions
of 27 sources which allowed to constrain the magnetic fiekhstth and particle energy
spectrum in these regions. We have placed upper limi, o0& 101-1¢ G (source
frame) on the magnetic field strength in these sources (Zablend 2.5). Hard spectra
(-0.5 < a £ +0.1, F, ~ v*) observed in the blazar cores above the synchrotron peak
may either indicate a hard energy spectrum of the relativectron population in the
jet or result from significant inhomogeneity (of the magoéild and plasma param-
eters or just optical depth) across the emitting regionintzgtons (or in five cases —
upper limits) of the core size have been obtained for thergbsgesources. Sincgeray
emission in blazars is suggested to originate from regipasialy close to the VLBI
core, the estimates of the size, magnetic field strength keetten energy distribution
presented in Table 2.4 are useful to constrain broad-baadt&h Energy Distribution
(SED) models (see Chapter 3).

Significant shift of the observed radio core position witbdguency has been de-
tected and studied in 20 sources (Chapter 4). Thieceis especially interesting since
it provides a probe of physical conditions in the inner jehe tikely site of the ob-
served high-energy emission of blazars. THiea has also important astrometric
implications. The core position¢, shift as a function of frequency, is consistent
with ther¢(v) o« vt pattern expected for a purely synchrotron self-absorb&itab
jetin equipartition. These results support the intergii@teof the parsec-scale core as
a continuous Blandford-Konigl type jet with smooth grad&of physical properties
(including opacity) along it. No systematic change withgfriency of the power law in-
dex in therq(v) relation has been convincingly detected. However, sorta changes
might be present in a few sources, especially at higher &edes.

Two samples of candidate young radio sources seen edge-pnesented in Chap-
ter 5. The larger sample described in Section 5.1 was sdlect¢he basis of single-
dish radio spectra. Despite the use of multi-epoch obsenato select the candi-
dates, the resulting sample may still be significantly corimated with relativistically
beamed blazars showing peaked radio spectrum during aTlaessecond sample pre-
sented in Section 5.3 was selected on the basis of parskecmogphology using the
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large archive of geodetical VLBI data. This sample is expetd be a “cleaner” list of
candidate young radio sources compared to the radio spestelected sample which
is confirmed by the non-detection pfray emission from the selected candidates. An
interesting #&ect of the frequency-dependenttdrence in position of hotspots associ-
ated with young radio sources is identified. TlEeet deserves detailed investigation
with dedicated multifrequency VLBI observations. A conipan between blazars pos-
sessing jets aligned closely to the line of sight with radiorses aligned at large angles
to it supports the idea that the bright extragalagtiay sources are associated with jets
affected by relativistic beaming.
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